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Abstract
The effectiveness of using carbon textile-reinforced mortar as an innovative
technique to improve the shear response of reinforced concrete beams has been
investigated. The research comprised double-shear bond testing on bond behavior of
textile-reinforced mortar, large-scale beam testing on shear response of reinforced
concrete beams strengthened with textile-reinforced mortar, and nonlinear finite
element modeling of the tested beam specimens. Test variables of the double-shear
bond testing were the matrix type, and width/length of the bonded area, whereas for
the large-scale beam testing, the variables included the number of textile-reinforced
mortar layers, matrix type, and amount of internal stirrups.
Results of the double-shear bond tests demonstrated that delamination of the
textile fabric governed the failure of the specimens without debonding at the
concrete/matrix interface. The bond stress of the specimens with a cementitious
mortar-based matrix was on average 28% lower than that of their counterparts with
an epoxy-based matrix. For the same bonded area, the bond stress tended to decrease
with an increase in the bonded length of the fabric.
Results of the large-scale beam testing demonstrated that the shear strength
gain caused by strengthening was in the range of 51% to 145% depending on the
amount of internal stirrups and number of textile-reinforced mortar layers. The shear
strength gain decreased with an increase in the amount of internal stirrups. Increasing
the number of textile-reinforced mortar layers increased the shear capacity but the
additional shear strength gain was not proportional to the added amount of layers.
The use of epoxy adhesive rather than a cementitious mortar as a matrix slightly
increased the shear strength gain. The effect of increasing the amount of textile-
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reinforced mortar and varying the matrix type was less pronounced for the specimens
with internal stirrups.
The finite element models developed in this study were able to predict the
nonlinear shear response of the tested specimens. A comparison between the
predicted and experimental results confirmed the accuracy and validity of the
developed finite element models.
Keywords: Concrete, finite element, shear, strengthening, textile-reinforced mortar.
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)Title and Abstract (in Arabic
تقوية الجسور الخرسانية المسلحة لمقاومة قوى القص باستخدام المونة االسمنتية المقواه بنسيج
األلياف
م لخــــــص
لقد تم تقييم فعالية استخدام المونة االسمنتية المسلحة بالنسيج المصنوع من الكربون كتقنية مبتكرة لتحسين سلوك
القص للجسور الخرسانية المسلحة .يحتوي البحث على دراسة تجريبية على السلوك التماسكي للمونة االسمنتية
المسلحة بالنسيج الكربوني ،وأخرى على سلوك القص للجسور الخرسانية المسلحة والتي تم تدعيمها باستخدام
المونة االسمنتية المسلحة بالنسيج الكربوني باإلضافة الى دراسة نظرية عن طريق عمل نماذج العناصر
المحدودة غير الخطية لعينات الجسور التي تم اختبارها .متغيرات االختبار لدراسة السلوك التماسكي للمونة
االسمنتية المسلحة بالنسيج الكربوني كانت نوع المونة المستخدمة ،وعرض /طول المساحة المتماسكة ،في حين
اشتملت متغيرات دراسة سلوك القص للجسور الخرسانية المسلحة على عدد طبقات مونة النسيج الكربوني
المسلح ،نوع المونة وكمية حديد التسليح الداخلي لمقاومة القص بالجسور.
أظهرت نتائج دراسة السلوك التماسكي للمونة االسمنتية المسلحة بالنسيج الكربوني أن التبطين بنسيج
قماشي يتحكم في انهيار العينات بدون انفصال لواجهة الخرسانة .اجهاد التماسك للعينات باستخدام مونة بأساس
اسمنتي كان بمعدل  %28أقل من نظرائها في المونة بأساس إيبوكسي .لنفس المساحة المتماسكة كان إجهاد
التماسك يميل إلى االنخفاض مع زيادة طول النسيج .أظهرت نتائج دراسة سلوك القص للجسور أن الزيادة في
مقاومة القص الناجمة عن التقوية في نطاق  %51إلى  %145اعتمادا على كمية حديد التسليح الداخلي لمقاومة
القص وعدد طبقات المونة االسمنتية المسلحة بالنسيج .قوة القص المكتسبة انخفضت مع زيادة كمية حديد
التسليح الداخلي لمقاومة القص .زيادة طبقات المونة االسمنتية المسلحة أدت لزيادة قدرة تحمل القص ولكن
المقاومة اإلضافية للقص لم تتناسب مع كمية الطبقات المضافة .استخدام مونة بأساس ابوكسي بدالً من المونة
بأساس اسمنتي أدى لزيادة طفيفة في المقاومة المكتسبة للقص .تأثير زيادة كمية المونة االسمنتية المسلحة
بالنسيج الكربوني وتفاوت نوع المونة كان أقل وضوحا بالنسبة للعينات التي شملت حديد تسليح داخلي لمقاومة
القص.
تمكنت نماذج العناصر المحدودة والتي تم تطويرها من خالل هذه الدراسة من التنبؤ بسلوك القص
غير الخطي للعينات التي تم اختبارها .مقارنة نتائج الدراسة النظرية مع نتائج االختبارات المعملية أثبت دقة
وصحة نماذج العناصر المحدودة التي تم تطويرها في التنبؤ بسلوك القص للجسور المدعمة باستخدام المونة
االسمنتية المسلحة بالنسيج الكربوني.

الكلمات المفتاحية :خرسانة ،العناصر المحدودة ،قص ،تقوية ،المونة االسمنتية المسلحة بالنسيج الكربوني.
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Chapter 1: Introduction

1.1 Introduction
A large percentage of the world’s civil infrastructure system is made of
reinforced concrete (RC). Due to a number of factors such as deterioration, design
errors, and changes in design codes, repair and strengthening of RC structures is a
continuously developing field.
The common structural deficiencies of RC structures are deficiencies in
shear, flexural, or axial capacity. This chapter describes the causes of damage of RC
structures in general, and provides a review on strengthening with composites using
epoxy-bonded fiber-reinforced polymers (FRP), and the more recently developed
textile-reinforced mortar (TRM).
1.2 Causes of Damage in RC Structures
1.2.1 Corrosion
Corrosion of the reinforcing steel in RC structures is a common durability
problem in areas of high salinity and in old structures where concrete cover is
damaged. Corrosion leads to cracking and spalling of concrete cover, reduction in
cross-sectional area of the steel reinforcing bars, deterioration of bond at steelconcrete interface and eventually a loss of structural capacity Figure 1.1.
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Figure 1.1: Corroded reinforcing steel in bridge columns
(ISIS Canada 2004)
1.2.2 Fire/Heat
When concrete is exposed to elevated temperatures, such as in a fire situation,
its stiffness and strength can be significantly impaired. The expansion of aggregates
and the existence of moisture leads to increased internal stresses in the concrete, and
hence, damage and spalling occur.
1.2.3 Freeze-thaw
In environments where very low temperatures are recorded, RC structures can
suffer from the effects of freezing and thawing of moisture trapped in the concrete.
Water expands by about 9% of its volume when it freezes (PCA 2002). This
expansion could lead to cracking and disintegration of concrete.
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1.2.4 Overload and Impact
A change in the design use of a structure could lead to failure of the structure
if proper upgrading is not carried out. Overloading could also be caused by unusual
circumstances such as earthquakes, explosions or vehicular accidents.
1.2.5 Chemical Attack
Chemicals like sulphates and chlorides, and processes such as carbonation
and leaching could lead to loss of strength in concrete and corrosion steel reinforcing
bars.
1.2.6 Construction Errors
Construction errors could occur during casting or removal of formwork of the
structural member. Construction errors could lead to honeycombing, delamination,
cold joints, cracking, and crazing, which significantly affect the strength of the
member.
1.3 Composite Strengthening Systems
1.3.1 Epoxy-Bonded FRP Strengthening System
Since the late 1980s, epoxy-bonded FRP composites have been used
successfully in strengthening of RC structures. Fiber-reinforced polymers are made
of high-strength fibers embedded in a polymer matrix (resin). In the past, the material
of choice for upgrading RC structures was steel. Due to the easy occurrence of
corrosion of reinforcing steel, there was a need for a different strengthening material
which overcomes the corrosion problem. Fiber-reinforced polymers, being noncorrosive, easily meet this need. Fiber-reinforced polymer composites can be made in
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a variety of forms as shown in Figure 1.2. The fibers are commonly made of glass,
carbon, or aramid. Recently, basalt fibers have emerged as new alternatives to the
glass fibers. Long strands of these fibers are embedded in the polymer matrix to
protect them. FRPs can also be made in the form of strips, rods, plates, besides other
shapes.

(a) Various types and shapes of FRPs
(ISIS Canada 2004)

(b) [FRP plate/strip]

Figure 1.2: Forms of FRP composites
Many factors contributed to the success of using FRP composites in
strengthening of RC structural components. Fiber-reinforced polymers are noncorrosive materials and are therefore ideal for strengthening of RC structures
exposed to corrosive environmental conditions. They are lightweight materials but
have about five times the strength of steel. FRPs are easy to install with the use of
epoxy and can be made into a variety of forms, making them suitable for many
applications.
Despite the effectiveness of FRP in restoring the integrity of RC structures,
some concerns have been raised concerning their performance at elevated
temperatures, the toxic nature of epoxy, and its poor thermal compatibility with
concrete substrate. The glass transition temperature of epoxy-bonded FRP
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composites ranges between 50 – 80 oC (Stratford & Bisby 2010). Above this
temperature, rapid loss of strength and premature failure can occur. The
compatibility and bond between FRPs and concrete is a cause for concern. The poor
compatibility between the epoxy binder incorporated in FRP composites and
concrete often leads to premature debonding of FRPs from the concrete substrate
(Teng et al. 2001; Büyüköztürk et al. 2004; Blanksvärd et al. 2009; El-Maaddawy &
Chekfeh 2013). These drawbacks of using FRPs in strengthening applications
necessitated development of alternative techniques.
1.3.2 TRM Strengthening System
An alternative composite strengthening system, known as textile-reinforced
mortar (TRM) or fabric-reinforced cementitious matrix (FRCM), has emerged
recently. Textile-reinforced mortar systems are composed of high-strength textiles
that are embedded in mortar matrix (ACI 2013), as shown in Figure 1.3. The TRM
system is being proven to provide a comparable increase in structural capacity as that
of the FRP systems, while circumventing the problems associated with FRPs. Similar
to FRP composites, the textile component of the TRM system is commonly made of
glass, carbon, basalt, or polybenzoxazole (PBO) fibers. Rolls of carbon textile used
in TRM composites are shown in Figure 1.4a. There are also different types of
mortars that can be used such as self-leveling micro-concrete and polymer-modified
mortars. Sometimes, TRM can be made as prefabricated plates as shown in Figure
1.4b. There is good compatibility and hence a good bond between TRM systems and
concrete, since both are cement-based. This would lead to better utilization of the
strengthening system. Similar to concrete, TRM systems have significantly higher
resistance to high temperatures than FRP systems. This is attributed to the use of
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mortar as a matrix, rather than epoxy, which protects the sandwiched fabric in the
system.

Figure 1.3: TRM strengthening system (Blanksvärd et al. 2009)

(a) rolls of carbon textile

(b) carbon textile in TRM plate

Figure 1.4: Carbon textiles in TRM strengthening system (SGL Group 2008)

1.4 Application of Composite Strengthening Systems
Composites systems in the form of TRM or FRP can be applied to concrete
substrate using a hand lay-up technique. Prefabricated FRP plates are bonded to the
concrete surface using epoxy as adhesive. The most widely used method of applying
TRM systems is the hand lay-up system (Figure 1.5 to Figure 1.7). In this method, a
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layer of mortar is applied to the concrete substrate, followed by the embedment of
the fabric, and the impregnation of the fabric in a second layer of mortar. It is
important to note that subsequent mortar layers are applied while the previous layer
is still “fresh”.

Figure 1.5: Hand lay-up application of TRM (SGL Group 2008)

Figure 1.6: Strengthening of clay brick masonry dome (ACI 549.4R 2013)
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(a) before repair

(b) during repair

Figure 1.7: Installation of TRM on trestle of a railway bridge (ACI 2013)

The effectiveness of strengthening using composites can be improved by the
use of mechanical anchoring systems (Khalifa & Nanni 2000; Ortega et al 2009; ElMaaddawy & Chekfeh 2012; Hashemi & Al-Mahaidi 2010). The anchoring systems
typically involve the use of steel plates and bolts, and in some cases FRP rods. This
practice is common for some FRP systems and not for TRM systems due to the
existence of mortar layers. In general, strengthening systems can be used in the
following applications:


Shear strengthening: Composite systems can be bonded to the surface of a
beam to improve its shear capacity. It can also be used to strengthen masonry
walls in shear. The sheets are usually bonded perpendicularly to the
longitudinal axis of beams or in a spiral form (Triantafillou & Papanicolaou
2006; Al-Salloum et al. 2012; Azam & Soudki 2014). The composites can be
applied as full-wraps (if possible), U-wraps, or on both sides of the beam, as
shown in Figure 1.8.
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(a) Full wrap

(b) U-wrap

(c) side-bonded

Figure 1.8: Wrapping schemes for composites in shear strengthening
(ACI 440 2008)


Flexural strengthening: In order to enhance the performance of RC beams in
bending, composites can be applied to the bottom surface of the beam (Figure
1.9). The composites can additionally be bonded to the side surfaces of the
beam with fibers oriented in a direction parallel to the longitudinal axis of the
beam. This application method leads to an improvement in the flexural
capacity of the system (D’Ambrisi & Focacci 2011).

Figure 1.9: Flexural strengthening of RC T-beam (ISIS Canada 2004)


Confinement: Composite systems can also be used to improve the axial
capacity of columns (Triantafillou et al. 2006; Bournas et al. 2007). In this
case, the composites are wrapped around the column circumference with the
textile placed perpendicularly to the longitudinal axis of the column (Figure
1.10).
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Figure 1.10: Axial strengthening of RC circular column (ISIS Canada 2004)
1.5 Thesis Organization
The present research work investigates the shear response of RC beams
strengthened with TRM. The work comprises experimental testing of relatively
large-scale RC beams in addition to finite-element (FE) modeling to predict the
response of the tested specimens. Prior to pursuing the large-scale beam testing,
double-shear bond testing was conducted to investigate the bond behavior between
concrete and TRM made of carbon textile fabric embedded in different matrix types.
Chapter (2) presents a survey of the available literature on bond behavior of
TRM and shear strengthening of RC beams with TRM. Research needs and specific
objectives of the study are presented at the end of the chapter.
Chapter (3) gives details of double-shear bond testing undertaken to
investigate the bond characteristics between concrete and TRM made of carbon
textile and different matrix types using double-shear tests. Instrumentation and setup
of the double-shear tests along with details of the tested specimens are presented.
Results of the double-shear bond testing along with main test observations are
reported in this chapter.
Chapter (4) provides details of the large-scale beam testing on shear
strengthening of RC beams. In this chapter, the specimen geometry, manufacturing,
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and details of reinforcement are presented along with mechanical properties of
materials, test setup, instrumentations, and loading regime/procedure.
Chapter (5) presents results of the large-scale beam testing. The results
include the failure mode, shear resistance, deflection response, steel and TRM strain
response, diagonal compressive strain response, and diagonal displacements across
cracks. A discussion on the effect of test variables on the shear strength gain
concludes the chapter.
In Chapter (6), twelve three-dimensional (3D) FE models representing all of
the tested beam specimens are developed. The material constitutive laws, element
types, and boundary conditions adopted in the FE models are reported. Comparative
analysis between experimental and FE results concludes the chapter.
Chapter (7) presents the main conclusions and limitations of the work along
with recommendations for future studies on shear strengthening of RC structures
with TRM.
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Chapter 2: Literature Review
2.1 Introduction
This chapter presents a review of available literature on shear strengthening
of RC structures with TRM systems. Studies on bond characteristics between TRM
and concrete are first presented and discussed. Previous studies on shear
strengthening of RC beams with TRM are then summarized in a subsequent section.
Based on the literature review, test variables affecting shear strength of RC beams
strengthened with TRM are identified and discussed. Finally, research needs and
objectives are presented at the end of the chapter.
In the reviewed studies, different terminologies were used to represent
strengthening systems that consist of textile embedded in a cementitious matrix.
These terminologies include fiber-reinforced cementitious mortar (FRCM), mineralbased composite (MBC), and textile-reinforced concrete (TRC). The terminology
used in the current study to represent such systems is “textile-reinforced mortar
(TRM)”. On the other hand, the term “textile-reinforced polymer (TRP)” is used to
refer to the strengthening system that consists of textile that is externally bonded to
the concrete surface using epoxy.
2.2 Studies on Bond Characteristics between TRM and Concrete
The characteristics of TRM systems subjected to direct tensile forces have
been the focus of many studies (Peled & Mobasher 2007; Contamine et al. 2011;
Silva et al. 2011; Contamine et al. 2014; Larrinaga et al. 2014; Shams et al. 2014).
Colombo et al. (2013) investigated the effect of the fabric geometry (warp and weft
spacing and cross section), the loading rate, and the curing method on the tensile

13

strength and ductility of the TRM system. It was concluded that the bonded surface
of the warp roving strongly influenced the strength of the system, while the weft
roving controlled the cracking distance and the overall ductility of the system. Curing
conditions also affected the matrix shrinkage and consequently, the strength and
mode of failure of the system. The higher strength was achieved when the systems
were cured for 28 days at room temperature. The researchers also reported on the
loss of strength and ductility while decreasing the displacement rate during testing.
In a more recent study, De Santis and De Felice (2015) carried out tensile
tests on eight types of TRM systems. The researchers reported that the tensile
strength, the modulus of elasticity, and the failure mode of TRM systems made of
strong fabrics were governed by the properties of the fabric rather than the matrix.
However, stiffer matrices led to high stiffness in both the uncracked and cracked
stages. The interlocking between the fabric and the matrix ensured better crack
distribution in stiff matrices than in systems with flexible matrices having poor
bonding between the fabric and the matrix.
When TRM systems are externally bonded to the concrete substrate, the
stress transfer is accomplished through bonding between the fabric and the matrix
and between the matrix and the concrete substrate (D’ambrisi et al. 2013). Many
researchers have investigated the bond performance and failure mechanisms of TRM
systems (Xu et al. 2004; Ortlepp et al. 2006; Peled et al. 2006; Haubler & Hartig
2007; Hartig et al. 2008; Portal et al. 2014). Typical bond specimens included beam
tests (Ortlepp et al. 2006; Ombres 2012), single shear tests (Hashemi and Al-Mahaidi
2010), and double-shear tests (D’Ambrisi et al. 2012; D’Ambrisi et al. 2013). Single
shear tests involve bonding the fabric to one side of a concrete block and applying a
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pull or push force, while double-shear tests involve bonding the fabric on both sides
of concrete specimens.
Hashemi & Al-Mahaidi (2010) investigated the bond strength of carbon TRM
and FRP fabric in single-lap shear tests using cement-based and epoxy-based
adhesives, respectively. The ultimate load achieved by the TRM system was around
80% of that of the FRP system. All specimens failed by debonding after initiation of
cracks at the fabric/matrix interface rather than at the concrete/matrix interface.
D’ambrisi et al. (2012; 2013) carried out double shear tests to examine the bond of
TRM made of PBO fabric encapsulated in a cement-based matrix with different bond
lengths. It was reported that failure of specimens was governed by the debonding at
the fabric/matrix interface after a considerable fiber slippage. Ombres (2012)
confirmed similar mode of failure in RC beams strengthened with TRM systems
externally bonded to the soffit of the beams. Despite the premature debonding of the
TRM systems, the researchers reported an increase of 30% in the ultimate capacity of
the strengthened beams. D’Ambrisi et al. (2013) and Ombres (2012) reported that the
bond strength increased with an increase in the length of the bonded fabric, up to a
certain length referred to as the effective length, beyond which insignificant increase
in the bond strength occurred. The effective length was identified as 250–300 mm in
the case of a single TRM layer. Choi et al. (2007) and Li et al. (2010) previously
reported similar findings for FRP systems.
2.3 Studies on Shear Strengthening of RC Beams with TRM
A summary of the available literature on the use of TRM in shear
strengthening of RC beams is given in

Table 2.1. The effects of test variables on
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the strength gain of TRM-strengthened RC beams are discussed in the following
subsections.
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Table 2.1: Summary of previous studies on shear strengthening with TRM
Reference

Triantafillou &
Papanicolaou
(2006)

Bruckner et al.
(2008)

No. of
specimens

6

12

Test parameters
Type

 Angle of
inclination of
textile
 No. of TRM
layers

 Mechanical
anchoring
 No. of TRM
layers

R-section
beams

T-section
beams

Concrete
Geometry
(mm)
𝑏𝑤 = 150
ℎ = 300
𝐿 = 2600
𝑑 = 272
𝑎 = 775
a/d = 2.9

𝑏𝑓𝑙 = 480
𝑏𝑤 = 120
ℎ = 450
𝐿 = 2400
𝑑 ≈ 372
𝑎 = 1000
a/d ≈ 2.7

Concrete
strength
(MPa)
fcu = 30.5

fcu = 27

Steel reinforcement
Longitudinal
Transverse

Strengthening system
Properties
Textile

2

2

𝐴𝑠 = 603 mm 𝐴𝑣 = 48 mm
(3 Ø16)
(Ø5.5)
𝐴𝑠 ′ = 603 mm2 𝑠 = 230 mm
(3 Ø16)
𝜌𝑡 = 0.14%
𝜌 = 1.48%
𝑓𝑦𝑡 = 275 MPa
𝑓𝑦 = 575 MPa

𝐴𝑠 = 1885 mm2
(6 Ø20)
𝐴𝑠 ′ = 905 mm2
(8 Ø12)
𝜌 = 4.2%
𝑓𝑦 = 500 MPa

 Carbon
𝐸𝑓 = 225 GPa
𝑓𝑓 = 3350 MPa
𝑤 = 168 g/m2
𝑡𝑡𝑒𝑥 = 0.047 mm

𝐴𝑣 = 101 mm2  AR glass
(Ø8)
𝑤 = 470 g/m2
𝑠1 = 100 mm 𝑓𝑡𝑒𝑥 = 575 MPa
𝑠2 = 200 mm
𝜌𝑡1 = 0.84%
𝜌𝑡1 = 0.42%
𝑓𝑦𝑡 = 500 MPa

Regime
Mortar

Polymer-modified fine
concrete
𝑓𝑐𝑚 = 30.6 MPa

Fine-grained concrete
𝑓𝑐𝑚 = 77.2 MPa

 Monotonic loading
- No TRM
- 2 layers TRM conventional
wrapping
- 2 layers TRM spiral wrapping
- 2 layers TRP

Main outcomes
Failure mode
Increase in
load capacity
(%)
S
F

109

F
F

104
100

 Cyclic loading
- 1 layer TRM conventional
wrapping
- 1 layer TRP

S

72

F

125

 No TRM

S

-

S
DB
DB

1
1
7

S
S
S
S

6
7
13
16

 U-shape TRM; no anchoring
- 2 layers
- 4 layers
- 6 layers
 U-shape TRM; anchoring
- 2 layers
- 3 layers
- 4 layers
- 6 layers

Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings
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Table 2.1 (Cont’d): Summary of previous studies on shear strengthening with TRM
Reference

Blanksvärd et
al. (2009)

No. of
specimens

Test parameters

23

 Mortar type
 Textile type
 Concrete strength
 Stirrup spacing
 TRM thickness

Type

R-section
beams

Concrete
Geometry
(mm)
𝑏𝑤 = 180
ℎ = 500
𝐿 = 4500
𝑑 ≈ 418
𝑎 = 1250
a/d ≈ 3.0

Concrete
strength
(MPa)
fcu =
48.9
55.7
73.5

Steel reinforcement
Longitudinal
Transverse

Strengthening system
Properties
Textile

𝐴𝑠 = 2413
mm2
(12 Ø16)
𝐴𝑠 ′ = 402 mm2
(2 Ø16)
𝑓𝑦 = 555 MPa
 NSMR
𝐸 = 260 GPa
𝜀 = 0.8%

 Carbon G1
𝐴𝑣 = 226 mm
(Ø12)
𝐸𝑓 = 589 GPa
𝑓𝑦𝑡 = 601 MPa 𝑓𝑓 = 4300 MPa
𝑤 = 66 g/m2
𝑠0 = no stirrups 𝑡 = 1.7 mm
2

𝑠1 = 250 mm
𝜌𝑡1 = 0.50%
𝑠2 = 350 mm
𝜌𝑡2 = 0.34%

 Carbon G2
𝐸𝑓 = 284 GPa
𝑓𝑓 = 3800 MPa
𝑤 = 159 g/m2
𝑡 = 3.0 mm
 Carbon G3
𝐸𝑓 = 288 GPa
𝑓𝑓 = 3800 MPa
𝑤 = 98 g/m2
𝑡 = 3.3 mm

Regime
Mortar

 cementitious mortar
𝑓𝑐𝑚1 = 22 MPa
 Polymer-modified
cementitious mortar
𝑓𝑐𝑚2 = 45 MPa
 Polymer-modified
cementitious mortar
𝑓𝑐𝑚3 = 77 MPa
𝑡1 = 20 mm
𝑡2 = 10 mm

Main outcomes
Failure mode
Increase in
load capacity
(%)

 𝑓𝑐𝑢 = 48.9 MPa
- No TRM, 𝑠0
- No TRM, 𝑠2
- M2, G2, 𝑠2 , 𝑡1
- M2, G2, 𝑠1 , 𝑡1, NSMR
- M2, G2, 𝑠1 , 𝑡2, NSMR

S
F+S
F
F
F

165
158
184
173

 𝑓𝑐𝑢 = 55.7 MPa;
- No TRM, 𝑠0
- M2, 𝑠0 , 𝑡1
- M2, G2, 𝑠0 , 𝑡1
- M3, G2, 𝑠0 , 𝑡1
- M2, G1, 𝑠0 , 𝑡1
- M2, G3, 𝑠0 , 𝑡1
- M1, G3, 𝑠0 , 𝑡1
- TRP (sheet), 𝑠0

S
S
FR
FR
FR
FR
FR
DB

15
97
90
64
63
42
104

S
S
F
S
F
F

101
128
152
133
154

 𝑓𝑐𝑢 = 73.5 MPa
- No TRM, 𝑠0
 Carbon sheet
- No TRM, 𝑠2
𝐸𝑓 = 234 GPa
- No TRM, 𝑠1
- No TRM, 𝑠1 , NSMR
𝑓𝑓 = 2500 MPa
- M2, G2, 𝑠2 , 𝑡1, NSMR
𝑤 = 200 g/m2
- M2, G2, 𝑠1 , 𝑡1, NSMR
Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings
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Table 2.1 (Cont’d): Summary of previous studies on shear strengthening with TRM
No. of
specimens
Reference
Si Larbi et al.
(2010)

Al-Salloum et
al. (2012)

8

10

Test parameters
Type

 Mortar type
 TRM
configuration

 Angle of
inclination of
textile
 Mortar type
 No. of TRM
layers

R-section
beams

R-section
beams

Concrete
Geometry
(mm)
𝑏𝑤 = 150
ℎ = 220
𝐿𝑒 = 570
𝑑 = 204
𝑎 = 285
a/d = 1.4

𝑏𝑤 = 150
ℎ = 200
𝐿 = 1500
𝑑 ≈ 164
𝑎 = 400
a/d ≈ 2.4

Concrete
strength
(MPa)
33

fc’ = 20

Steel reinforcement
Longitudinal
Transverse

Strengthening system
Properties
Textile

2

𝐴𝑠1 = 226 mm
(2 Ø12)
𝐴𝑠2 = 151 mm2
(3 Ø8)
𝐴𝑠 ′ = 57 mm2
(2 Ø6)
𝑓𝑦 = 555 MPa

𝐴𝑠 =314 mm2
(4 Ø10)
𝐴𝑠 ′ = 157 mm2
(2 Ø10)
𝑓𝑦 = 578 MPa

-

Regime
Mortar

-

- No TRM; 𝐴𝑠1
- No TRM; 𝐴𝑠2
- U-shape TRP; 𝐴𝑠1

 Inorganic phosphate cement + glass fiber mat - U-shape; TRM bond length
220 mm; 𝐴𝑠1
𝐸𝑓 = 73 GPa
𝐸𝑇𝑅𝑀 = 14 GPa
𝑓𝑡,𝑇𝑅𝑀 = 40 MPa

-

Main outcomes
Failure mode
Increase in
load capacity
(%)
S
S
S
22
DB

69

 UHPM + metallic fibers
𝐸𝑓 = 210 GPa
𝐸𝑇𝑅𝑀 = 45 GPa
𝑓𝑡,𝑇𝑅𝑀 = 13.5 MPa

- U-shape; TRM bond length
220 mm; 𝐴𝑠1
- Side bonding; TRM bond
length 220 mm; 𝐴𝑠2
- Side bonding; TRM bond
length 160 mm; 𝐴𝑠2

F

57

F

15

F

-3

 Hydraulic mortar + glass fiber grid & mat
𝐸𝑓 = 74 GPa
𝐸𝑇𝑅𝑀 = 72 GPa
𝑓𝑡,𝑇𝑅𝑀 = 7.2 MPa

- U-shape; TRM bond length
220 mm; 𝐴𝑠1

S
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S
S
S
S
S
S
S
S
S

36
38
46
52
37
37
58
88

 Basalt
𝐸𝑓 = 31.9 GPa
𝑓𝑓 = 623 MPa
𝑡𝑓 = 0.064 mm

 Cementitious mortar
𝑓𝑐𝑚= 23.9 MPa
 Polymer-modified
cementitious mortar
𝑓𝑐𝑚= 56.4 MPa

No TRM
- 2 layers; 0/90°
- 2 layers; 45/-45°
- 4 layers; 0/90°
- 4 layers; 45/-45°
- 2 layers; 0/90°
- 2 layers; 45/-45°
- 4 layers; 0/90°
- 4 layers; 45/-45°

Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings
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Table 2.1 (Cont’d): Summary of previous studies on shear strengthening with TRM
Reference

Contamine et
al. (2013)

No. of
specimens

11

Test parameters
Type

 TRM
configuration
 Application
method
 Concrete
strength

R-section
beams

Concrete
Geometry
(mm)
𝑏𝑤 = 150
ℎ = 250
𝐿𝑒 = 2000
𝑑 = 220
𝑎 = 700
a/d = 3.18

Concrete
strength
(MPa)
fcu = 31.1

Steel reinforcement
Longitudinal
Transverse

Textile/carbon TRP
Mortar
𝐴𝑠 = 943 mm2 𝐴𝑣 = 57 mm2  Portland mortar + AR glass
ETRM = 3 GPa
(3 Ø20)
(Ø6)
fTRM = 41 MPa
𝑓𝑦 = 570 MPa 𝑓𝑦ℎ = 570MPa
ɛTRM = 1.4%
𝐴𝑠 ′ = 157 mm2 𝑠 = 200 mm
(2 Ø6)
𝜌ℎ = 0.19%
𝑡1 = 2 mm
𝜌𝑠 = 2%
𝑡2 = 5 mm
𝑡3 = 10 mm
 Carbon TRP
Efrp = 80 GPa
ffrp = 722 MPa
ɛTRM = 9%

fcu = 42.4

Azam &
Soudki (2014)

7

 TRM
configuration
 Textile type

R-section
beams

𝑏𝑤 = 150
ℎ = 350
𝐿 = 2400
𝑑 = 307.5
𝑎 = 1000
a/d = 3.25

fc’ = 37.5

Strengthening system
Properties

𝐴𝑠 = 1000
mm2
(2 25M)
𝑓𝑦 = 480 MPa
𝜌𝑠 = 2.2%

-

 Glass
𝐸𝑓𝑖𝑏 = 75 GPa
𝑓𝑓𝑖𝑏 = 2300 MPa
𝜀𝑓𝑖𝑏 = 2.8%
𝑤 = 350 g/m2
 Carbon 1
𝐸𝑓𝑖𝑏 = 230 GPa
𝑓𝑓𝑖𝑏 = 3800 MPa
𝜀𝑓𝑖𝑏 = 1.6%
𝑤 = 270 g/m2

Regime

 No TRM
 Hand lay-up
- continuous U-jacket; 𝑡2
- U-jacket strips; 𝑡2
- TRP U-jacket strips

F
CS-DB
CS-DB

38
7
7

F
CS

36
31

S

-

DB-LDB
FR

10
3

No TRM
- Side bonded
- U-wrap

S
S
S

18
46

- Side bonded
- U-wrap

S
S

26
23

S-DB
S-DB

99
105

 Prefab plate
- side-bonded strips; 𝑡3
- side-bonded strips; 𝑡2
 No TRM
 Hand lay-up
- U-jacket strips; 𝑡2
- continuous U-jacket; 𝑡1

 Polymer-modified
cementitious mortar
𝑓𝑐𝑚 = 58 MPa

Main outcomes
Failure mode
Increase in
load capacity
(%)
S
-

 Carbon 2 (smaller
- Side bonded
tow spacing)
- U-wrap
𝐸𝑓𝑖𝑏 = 230 GPa
𝑓𝑓𝑖𝑏 = 3800 MPa
𝜀𝑓𝑖𝑏 = 1.6%
𝑤 = 609 g/m2
Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings
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Table 2.1 (Cont’d): Summary of previous studies on shear strengthening with TRM
Reference

Tzoura &
Triantafillou
(2014)

No. of
specimens

13

Test parameters
Type

 Textile type
T-section
 Number of layers beams
 Mechanical
anchorage
 Anchor spacing

Concrete
Geometry
(mm)
𝑏𝑓𝑙 = 350
𝑏𝑤 = 150
ℎ = 350
𝐿 = 1000
𝑑 ≈ 320
𝑎 = 800
a/d = 2.5

Concrete
strength
(MPa)
fcu = 12.58 25.06

Steel reinforcement
Longitudinal
Transverse

𝐴𝑠 = 764 mm2
(3 Ø18)
𝐴𝑠 ′ = 509 mm2
(2 Ø18)
𝑓𝑦 = 545 MPa

-

Strengthening system
Properties
Textile
 Carbon 1
𝐸𝑓𝑖𝑏 = 225 GPa
𝑓𝑓𝑖𝑏 = 3375 MPa
𝑤 = 174 g/m2
𝑡𝑡𝑒𝑥 = 0.048 mm

 Carbon 2
𝐸𝑓𝑖𝑏 = 225 GPa
𝑓𝑓𝑖𝑏 = 3375 MPa
𝑤 = 342 g/m2
𝑡𝑡𝑒𝑥 = 0.096 mm

Mortar
 Polymer-modified
cementitious mortar
𝑓𝑐𝑚 = 21.8 MPa

Regime

- No TRM
- 1 layer TRM
- 2 layers TRM
- 2 layers TRM, anchors at
150mm
- 2 layers TRM, anchors at
150mm, higher amplitude
- 2 layers TRM, anchors at
100mm
- 2 layers TRP
- 2 layers TRP, anchors at
150mm
- 1 layer TRM
- 2 layers TRM
- 1 layer TRM, anchors at
150mm
- 2 layers TRM, anchors at
150mm
- 2 layers TRM, anchors at
100mm

Main outcomes
Failure mode
Increase in
load capacity
(%)
S
LDB
18
LDB
23
P
100
P

104

P

126

DB
DB

45
115

P
LDB
P

42
65
72

P

67

FR near anchor

91

Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings
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Table 2.1 (Cont’d): Summary of previous studies on shear strengthening with TRM
Reference

Escrig et al.
(2015)

No. of
specimens

9

Test parameters
Type

 Textile type

R-section
beams

Concrete
Geometry
(mm)
𝑏𝑤 = 300
ℎ = 300
𝐿 = 1700
𝑑 = 254
𝑎1 = 700
𝑎2 = 800

Concrete
strength
(MPa)
𝑓𝑐𝑢1
34.07
𝑓𝑐𝑢2
33.78
𝑓𝑐𝑢3
40.85

Steel reinforcement
Longitudinal
Transverse

𝐴𝑠 = 603 mm2
(3 Ø16)
𝐴𝑠 ′ = 603 mm2
(3 Ø16)
𝑓𝑦 = 517 MPa

-

Strengthening system
Properties
Textile
 Basalt
𝐸𝑓𝑖𝑏 = 95 GPa
𝑓𝑓𝑖𝑏 = 2990 MPa
𝜀𝑓𝑖𝑏 = 3.15%
𝑤 = 200 g/m2
𝑡𝑡𝑒𝑥 = 0.053 mm

Mortar
 Polymer-modified
hydraulic mortar
𝑓𝑐𝑚 = 24.7 MPa

 Carbon
𝐸𝑓𝑖𝑏 = 240 GPa
𝑓𝑓𝑖𝑏 = 4320 MPa
𝜀𝑓𝑖𝑏 = 1.8%
𝑤 = 168 g/m2
𝑡𝑡𝑒𝑥 = 0.047 mm
 PBO
𝐸𝑓𝑖𝑏 = 270 GPa
𝑓𝑓𝑖𝑏 = 5800 MPa
𝜀𝑓𝑖𝑏 = 2.15%
𝑤 = 88 g/m2
𝑡𝑡𝑒𝑥 = 0.046 mm

Regime

No TRM; 𝑓𝑐𝑢3
- U-shaped TRM; 𝑓𝑐𝑢2

Main outcomes
Failure mode
Increase in
load capacity
(%)
S
S
31

- U-shaped TRM; 𝑓𝑐𝑢2

S

-20

 Pozzolanic hydraulic
mortar
𝑓𝑐𝑚 = 24.95 MPa

- U-shaped TRM; 𝑓𝑐𝑢2

S

36

- U-shaped TRM; 𝑓𝑐𝑢1

S

7

 Hydraulic mortar
𝑓𝑐𝑚 = 30.02 MPa

- U-shaped TRM; 𝑓𝑐𝑢1

S

34

- U-shaped TRM; 𝑓𝑐𝑢1

S

43

S

-46

S

36

 Glass
 Bicomponent mortar
- U-shaped TRM; 𝑓𝑐𝑢2
𝑓𝑐𝑚 = 35.4 MPa
𝐸𝑓𝑖𝑏 = 90 GPa
- U-shaped TRM; 𝑓𝑐𝑢1
𝑓𝑓𝑖𝑏 = 2610 MPa
𝜀𝑓𝑖𝑏 = 2.9%
𝑤 = 225 g/m2
𝑡𝑡𝑒𝑥 = 0.042 mm
Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings
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Table 2.1 (Cont’d): Summary of previous studies on shear strengthening with TRM
Reference

Tetta et al.
(2015)

No. of
specimens

14

Test parameters
Type

 Number of layers
 TRM
configuration

R-section
beams

Concrete
Geometry
(mm)
𝑏𝑤 = 102
ℎ = 203
𝐿 = 1677
𝑑 = 177
𝑎 = 460
a/d = 2.6

Concrete
strength
(MPa)
22.4

Steel reinforcement
Longitudinal
Transverse

Strengthening system
Properties
Textile

2

𝐴𝑠 = 402 mm
(2 Ø16)
𝐴𝑠 ′ = 157 mm2
(2 Ø10)
𝑓𝑦 = 517 MPa
𝜌𝑠 = 2.23%

-

 Carbon
𝐸𝑓𝑖𝑏 = 225 GPa
𝑓𝑓𝑖𝑏 = 3800 MPa
𝑤 = 348 g/m2
𝑡𝑡𝑒𝑥 = 0.095 mm

Regime
Mortar

 Inorganic dry binder
𝑓𝑐𝑚 = 28.7 MPa

No TRM

- 1 layer side-bonded
- 1 layer U-wrap
- 1 layer full wrap
- 2 layers side-bonded
- 2layers U-wrap
- 2 layers full wrap
- 3 layers side-bonded
- 3 layers U-wrap
- 1 layer side-bonded TRP
- 1 layer U-wrap TRP
- 1 layer full wrap TRP
- 2 layers side-bonded TRP
- 2 layers U-wrap TRP
Failure modes: S: shear; F: flexural; FR: fiber rupture; DB: debonding of strengthening layer; LDB: local debonding within strengthening layer; CS: cover separation; P: pull-out/slippage of rovings

Main outcomes
Failure mode
Increase in
load capacity
(%)
S
P-FR
P-FR
P-FR
DB-CS
DB
F
DB-CS
DB-CS
DB
DB-CS
F
DB
DB-CS

9
51
115
71
132
195
110
153
103
119
190
140
144
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2.3.1 Effect of Shear Strengthening System
Triantafillou & Papanicolaou (2006) tested beams with rectangular sections
of 150 mm × 300 mm, and length of 2600 mm. Four beams were strengthened with
carbon textile as follows: one layer of TRM; one layer of TRP; two layers of TRM;
and two layers of TRP. A control specimen was tested without strengthening. The
specimen with one layer of TRM failed in shear while the other strengthened
specimens had a flexural mode of failure. One layer of TRM led to a strength gain of
72%, with respect to the control specimen. Its strength gain was however 25% less
than one layer of TRP. Two layers of TRM increased the shear resistance by 109%,
which was 4% more effective than two layers of TRP. It was concluded that using
TRM was less effective than TRP, in terms of shear resistance, when one layer of the
strengthening system is applied.
Blanksvärd et al. (2009) compared the effectiveness of TRM and TRP
strengthening systems using carbon fabrics. The beams had rectangular cross section
of 180 mm × 500 mm, and were 4500 mm long. Test results showed that the TRM
system increased the load capacity by up to 97%, relative to control unstrengthened
specimen, and the failure mode was by rupture of the carbon fibers. The TRP system
increased the load capacity of the tested beams by 104% and failed by debonding.
Si Larbi et al. (2010) tested beams with rectangular section of 150 × 220 mm
and 570 mm span between supports were tested. TRM and TRP reinforcement were
applied as U-shaped jackets. Results from the study revealed that TRP strengthening
led to a strength gain of 22%, relative to a control unstrengthened specimen, while
the TRM strengthening systems resulted in a strength gain of up to 69%. Thus, the
TRP jacket was less effective in enhancing the strength of the specimen in this case.
These results may be misleading because only one TRP-strengthened specimen was
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fabricated, whereas there were three TRM-strengthened specimens with different
configurations.
Contamine et al. (2013) tested RC beams strengthened in shear with TRM
and TRP U-jackets. The beams had rectangular sections of 150 mm × 200 mm and
were 2000 mm long. The specimens with TRM and TRP jackets both had a strength
gain of 7%. The similarity in strength gains is probably due to the debonding-cover
separation mode of failure exhibited by both specimens, which limited their
strengthening capacity.
Tzoura & Triantafillou (2014) compared the effectiveness of TRP and TRM
jackets in enhancing the shear capacity of concrete T-beams subjected to cyclic
loading. The beams had flange and web widths of 350 mm and 150 mm respectively,
height of 350 mm, and a total length of 1000 mm. Some of the specimens were
anchored to prevent the premature debonding of the strengthening layers. It was
reported that using FRP resulted an increase in load which was about 90% more than
that of TRM, in the case of non-anchored specimens. In the anchored specimens, the
load increase of the TRP was only 14% more than that of the TRM. With mechanical
anchorage in place, the effectiveness of the TRP and TRM systems were comparable.
Tetta et al. (2015) investigated the performance of TRM jackets in shear
strengthening of RC beams in comparison to TRP jackets. The beams had crosssectional dimensions of 102 mm × 203 mm, and length of 1677 mm. The jackets
were applied in different configurations and with various numbers of layers. The
TRP-strengthened specimens reached higher loads than their counterpart TRMstrengthened specimens. The strength gain due to TRP strengthening was within the
range of 103% to 190%, while the strength gain due to TRM strengthening was in
the range of 9% to 132%.
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2.3.2 Effect of Number of TRM Layers
Triantafillou & Papanicolaou (2006) in their paper reported that wrapping
with two layers of TRM resulted in flexural yielding, while a specimen with one
layer of TRM experienced a sudden shear mode of failure. Using two layers of TRM
resulted in a strength gain of 109% compared to the control unstrengthened
specimen, while the one layer of TRM increased the strength by 72%. However, it is
important to note that the specimen with two layers of TRM was tested
monotonically, while the specimen with one layer of TRM was subjected to cyclic
loading. This makes the comparison between the two specimens less accurate.
Nevertheless, it was concluded that using two layers of TRM reinforcement resulted
in higher strength gain than one layer of TRM.
Bruckner et al. (2008) carried out shear tests on 12 T-beams with flange and
web width of 480 mm and 120 mm respectively, depth of 45 mm, and a total length
of 2400 mm. Three control beams were unstrengthened and the other beams were
strengthened with two to six layers of TRM. Mechanical anchorage was provided in
some of the specimens. From the experimental results, unanchored specimens with
two and four layers of TRM had a strength gain of only 1% compared to the control
specimen, while the specimen with six layers had a strength gain of 7%. The
specimen with two layers developed many shear cracks and failed in shear, while the
specimens with four and six layers had fewer cracks and failed by debonding of the
TRM. For the anchored specimens with two, three, four, and six layers of TRM, the
strength gains were 6%, 7%, 13%, and 16%, respectively. None of the anchored
specimens failed by debonding, but rather exhibited a shear mode of failure. Overall,
there was an increase strength gain with increasing number of TRM layers.
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Al-Salloum et al. (2012) carried out a study on RC beams strengthened in
shear using TRM composites. Simply supported beams with a rectangular section of
150 × 200 mm and length of 1500 mm were tested. Each beam was strengthened
with either two or four layers of TRM. Results from the study showed that specimens
with four layers of TRM had higher ultimate loads and deflections than those with
two layers of TRM. The specimens strengthened with four layers of TRM reached
ultimate loads which were 7% to 37% above that of the specimens with two layers of
TRM.
Tzoura & Triantafillou (2014) examined the effect of number of TRM layers
on the effectiveness of TRM composites in the shear strengthening of T-beams. The
beams were strengthened with one and two layers of TRM and tested under cyclic
loading. The beams strengthened with two layers of TRM exhibited strength gains of
up to 65%, relative to the control unstrengthened beam, while those with one layer
exhibited strengths of up to 42%.
In Tetta et al. (2015), eight beams were strengthened with one to three layers
of TRM and tested monotonically in a three-point bending configuration. Using two
layers of TRM significantly raised the strength by 37% to 57% compared to those
strengthened with one layer of TRM. This ratio increased to 68% to 92% when three
layers of TRM were used. It was concluded that the improvement in strength was
more significant with the higher number of the TRM layers. Overlapping two or
more layers created a better mechanical interlock in the TRM system and prevented
the premature failure of the fabric.
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2.3.3 Effect of Presence of Mechanical Anchorage
Bruckner et al. (2008) in their study strengthened some T-beams with TRM
anchored with four L-shaped steel sections of 450 mm length located at the corner
between the slab and the strengthened web surface. The steel sections were glued to
the TRM surface with epoxy adhesive, and anchored to the slab with prestressed
steel bars. Different numbers of TRM layers were used. Results from the study
showed that the increase in load capacity of the strengthened beams was limited
without mechanical anchorage (Figure 2.1). An unanchored specimen with four
layers of TRM failed by debonding of the TRM layers from the concrete substrate,
thus the TRM had no significant effect on the strength gain. Another unanchored
specimen with six layers of TRM also failed by debonding, but experienced a
strength gain of 7%. With mechanical anchorage, similar specimens with four and
six TRM layers failed in shear and had strength gains of 13% and 16%. It was
concluded that mechanical anchorage increased the strength gain and prevented
debonding mode of failure in specimens with higher numbers of TRM layers.

Figure 2.1: Effect of mechanical anchoring on load capacity of TRM-strengthened
beams (Bruckner et al. 2008)
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Tzoura & Triantafillou (2014) examined the effect of mechanical anchorage
by testing T-beams which were strengthened with either anchored or unanchored
TRM systems. The anchorage system consisted of curved steel sections and 6 mm
diameter threaded bolts. The steel sections were located at the corners between the
slab and the top edge of the strengthening layer. The bolts were inserted in epoxyfilled holes drilled at 45° and a depth of 80 mm in the slab, with spacings of 100 mm
or 150 mm along the longitudinal axis of the beam. The beams were tested under
cyclic loading until failure. The unanchored specimens had strength gains of up to
65% and failed mostly by debonding. The anchored specimens with 100 mm anchor
spacing had strength gains of up to 126%, while the anchored specimens with 150
mm spacing had strength gains of up to 104%. The anchored specimens failed mostly
by pull-out of fiber rovings. Thus, the TRM performance was significantly enhanced
when mechanical anchors were present, with further enhancement provided when the
anchor spacing was smaller.
2.3.4 Effect of Type of Textile Reinforcement
Blanksvärd et al. (2009) investigated the effect of textile geometry on the
performance of TRM-strengthened RC beams by strengthening them using three
carbon fabrics with different properties (Table 2.2). The TRM systems were able to
shift the mode of failure from shear to flexure due to high strength gain. The increase
in load for specimens with grids S, M, and L was 64%, 97%, and 63%, respectively.
Using the fabric with smaller grid spacing (Grid S) resulted in higher first shear
crack load. This was attributed to better crack redistribution observed during the test.
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Table 2.2: Properties of CFRP grids (Blansvard et al. 2009)
Grid

S
M
L

Grid spacing
(mm)
Longitudinal Transverse
24
25
42
43
70
72

Elastic modulus
(GPa)
Longitudinal Transverse
262
589
253
284
201
288

Ultimate strength (MPa)
Longitudinal
2,950
3,800
3,800

Transverse
4,300
3,800
3,800

Azam & Soudki (2014) carried out tests on shear-critical RC beams
strengthened with TRM. The beams had a rectangular section of 150 mm × 350 mm
and a length of 2400 mm. Glass and carbon fabrics were used (G-TRM and C-TRM,
respectively). Two carbon fabrics were used (C-TRM1 and C-TRM2). C-TRM1 had
a lower tensile strength than C-TRM2 in both longitudinal and transverse directions
and also had larger spacing between rovings. Specimens with G-TRM, C-TRM1, and
C-TRM2 exhibited strength gains up to 46%, 26%, and 105%, respectively. The
results indicate the superiority of the carbon fabric with smaller tow spacing.
Tzoura & Triantafillou (2014) examined the effect of the type of fabric used
in the TRM system on the shear strengthening of RC beams. Four T- beams were
strengthened with one and two layers of TRM with either “light” or “heavy” fabric.
Both fabrics had equal number of rovings in two orthogonal directions, but they
differed in the amount of fibers in each roving. The mass per unit area of the light
and heavy fabrics were 174 g/m2 and 348 g/m2, respectively. The beams were tested
under cyclic loading until failure. The test results showed that the strength gain of the
strengthened beams was higher when the heavy fabric was used. With one TRM
layer, the specimen with the heavy fabric had a strength gain which was 133% higher
than the specimen with the lighter fabric. The difference in strength gain rose to
183% when two layers of TRM were used.
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Escrig et al. (2015) investigated the shear performance of beams strengthened
with different TRM systems. Nine beams of cross section 300 × 300 mm and length
of 1700 mm were fabricated and tested under three-point bending configuration.
Four fabrics were used, namely basalt, carbon, PBO, and glass fabrics. The fabrics
were combined with different types of mortars to create the strengthening systems.
The properties of the TRM used are given in Table 2.3. The TRM system with PBO
fabric had the highest strength gain (up to 43%), with respect to the control
specimen. The maximum strength gain in the TRM system with basalt fabric was
31%, while the maximum strength gain in the TRM systems with carbon and glass
textiles were 36%. Specimens with carbon fabrics exhibited an irregular behavior,
which was attributed to the weak bond between the fabrics and the mortar.
Specimens with glass and basalt fabrics showed better adhesion between the TRM
system and the concrete substrate, while those with PBO fabrics showed a weaker
bond. It was concluded that the bond between the mortar and the fabric used and also
the bond between the TRM and the concrete substrate significantly affect the
performance of the TRM system.
Table 2.3: Mechanical properties of TRM composites – Escrig et al. (2015)

Young’s modulus (GPa)
Ultimate strain (%)

Glass
90
1.19

PBO
128
1.76

Carbon
80
1.00

Basalt
48
1.65

2.3.5 Effect of Type of Mortar
Blanksvärd et al. (2009), in their research, strengthened RC beams using
TRM made of different types of mortars and carbon textile. Three types of mortars
were used: mortar 1 was a fast hardening and fine grain mortar, while mortars 2 and
3 were polymer modified mortars that were reinforced with polypropylene fibers.
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Properties of the different mortars are given in Table 2.4. It was observed that the
beam strengthened with mortar 1 had a strength gain of 42%, while its counterpart
with mortar 2 but similar textile had a strength gain of 63%, with respect to the
control specimen. Strengthening with mortar 3 resulted in strength gain of 90%,
while mortar 2 with similar textile resulted in a strength gain of 97%. It was
concluded that using mortars with higher mechanical properties along with the
incorporation of fibers could improve the performance of TRM systems.
Table 2.4: Properties of mortars used in Blanksvärd et al. (2009)
Mortar

1
2
3

Density
(g/cm3)
1.85
1.89
2.00

Maximum
grain size
(mm)
0.8
1.0
2.0

Mixing
ratio
(m:w)
1:0.16
1:0.16
1:0.14

Tensile strength
(MPa)

Compressive
strength (MPa)

5.0
9.0
11.0

22
45
77

Modulus of
elasticity
(GPa)
18.0
26.5
35.

Si Larbi et al. (2010) compared two TRM composites with different types of
mortars: hydraulic mortar and inorganic phosphate cement. Glass fabric was
incorporated in both TRM composites. For specimens with hydraulic mortar and
those with inorganic phosphate cement, the strength gains were 17% and 69%,
respectively, with respect to the control specimen. The results clearly revealed that
the inorganic phosphate cement was superior to the hydraulic mortar. However, the
specimen with the inorganic phosphate cement matrix failed prematurely by
debonding while the specimen with the hydraulic mortar had a shear failure mode.
This study shows the significance of mortar type in the performance of TRM
strengthening systems.
Al-Salloum et al. (2012) compared two mortar types used in TRMstrengthening of RC beams: cementitious mortar and polymer-modified mortar.
Experimental results showed that there was no significant difference in the mortars
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when two layers of TRM are applied. However, with four layers of TRM, the
specimens with polymer-modified mortar had ultimate loads which were 16%, on
average, more than those with two layers of TRM.
2.3.6 Effect of TRM Strengthening Configuration
Triantafillou & Papanicolaou (2006) strengthened two beams with TRM
using two different wrapping schemes: conventional wrapping and spiral wrapping
(with strips inclined at ±10° with respect to the transverse axis of the member). The
specimen with spiral TRM wrapping and that with conventional TRM wrapping had
strength gains of 104% and 109%, respectively, with respect to the control specimen.
Both specimens exhibited a flexural mode of failure. It was concluded that there was
no major difference between the performances of both wrapping schemes.
Si Larbi et al. (2010), in their experiment, strengthened a beam with
continuous U-shaped TRM plate made of ultra-high performance mortar combined
with short metallic fibers. Another beam was strengthened using a similar TRM plate
which was applied as side-bonded strips instead of a continuous U-jacket. With
continuous U-shape and side-bonded strip configurations, the recorded strength gains
were 57% and 15%, respectively. Thus, the U-shaped configuration was more
effective in improving the performance of the TRM reinforcement in terms of
strength gain.
Si Larbi et al. (2010) also tested two specimens strengthened with TRM
plates made of ultra-high performances mortar combined with short metallic fibers,
with bond length of 220 mm (full beam height) and 160 mm, respectively.
Experimental results showed that the TRM plate with shorter bond length did not
successfully enhance the strength of the specimen, while the TRM plate which was
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bonded along the full height of the beam led to a strength gain of 15%, with respect
to the control unstrengthened specimen. This shows that the bond length of TRM
reinforcement has a significant effect on its performance.
Al-Salloum et al. (2012) tested the performance of TRM systems with textiles
inclined at 0°/90° and 45°/-45°, respectively. The test results showed that, with two
layers of TRM, there was no significant difference in the load capacity of the beams
strengthened with either configuration. With four TRM layers, however, textile
orientation of 45°/45° resulted in strength gains of up to 1.5 times those of textile
orientation of 0°/90°.
Contamine et al. (2013), in their study, compared the performance of TRM
continuous U-jacket to that of TRM U-jacket strips with spacing between each strip.
It was observed that the specimen with continuous U-jacket experienced a strength
gain of 38%, while the specimen with U-jacket strips had a strength gain of 7%. The
low strength gain of the specimen with U-jacket strips was attributed to its premature
mode of failure by debonding. The specimen with continuous U-jacket failed in
flexure due to its high peak load.
Azam & Soudki (2014) tested two TRM strengthening schemes: side-bonding
and U-wrapping. Also, two types of textiles were incorporated in the strengthening
systems: glass and carbon textiles. All tested specimens exhibited a shear mode of
failure. There was no major difference in strength gain due to the strengthening
scheme when carbon textiles are used. However, with glass textile, the strength gain
of the specimen strengthened with U-wrap was 46% while the specimen with sidebonded TRM had a strength gain of 18%. The lower strength gain of the side bonded
glass-TRM was attributed to steeper principal shear cracks that quickly extended to
the load point.
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Tetta et al. (2015) investigated the effect of TRM strengthening configuration
on the shear capacity of RC beams by strengthening them with TRM layers in one of
three different configurations: side-bonded (SB), U-wrapped (U), or fully wrapped
(FW). The number of fabric layers also varied in the beams. It was observed that
using U-wrapped fabrics resulted in higher strength gains of 20% to 30% more than
the side-bonding configuration. However, the fully wrapped configuration was the
most effective system with strength gains of 72% to 96% over that of the sidebonded specimens. All of the TRM-strengthened specimens failed in shear except
one specimen with two layers of TRM used in the fully wrapped configuration which
failed in flexure. This mode of failure was attributed to the very high peak load
attained by the specimen, which exceeded the flexural capacity of the beam.
2.3.7 Effect of Grade of Concrete Substrate
Blanksvärd et al. (2009) strengthened concrete beams which had different
concrete grades of C35 and C55. The grades corresponded to average cube
compressive strengths of 48.9 MPa and 73.5 MPa, respectively. Though higher
failure loads were observed in specimens with concrete grade C55, however the
strength gains with this concrete grade were lower than those of concrete grade C35.
For specimens with similar configurations and concrete grades of C35 and C55, the
mode of failure was flexure, while their strength gains were 184 % and 154 %,
respectively. Thus, the strength gain due to TRM strengthening may be smaller with
higher concrete strengths.
In a more recent study, Contamine et al. (2013) conducted tests on damaged
RC beams designed with two concrete grades: R30 (31.1 MPa) and R40 (42.4). The
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specimen with concrete grade of R40 had a strength gain of 10%, while a counterpart
specimen with concrete grade of R30 had a strength gain of 7%.
2.3.8 Effect of Stirrup Spacing
Blanksvärd et al. (2009) strengthened RC beams using different amounts of
internal steel stirrups: stirrups with s = 250 mm, and stirrups with s = 350 mm. Some
beams were strengthened with TRM while other beams were unstrengthened and
served as control beams. For specimens with similar configuration and stirrup
spacings of 250 mm and 350 mm, the strength gains were 12% and 16%,
respectively, relative to those of the corresponding unstrengthened specimens. Both
strengthened specimens failed in flexure. Thus, with higher internal shear
reinforcement ratio (smaller stirrup spacing), lower strength gains may be observed.
2.3.9 Effect of Thickness of TRM
Blanksvärd et al. (2009) tested two beams with TRM thicknesses of 10 mm
and 20mm. Both specimens failed in flexure. The specimen strengthened with TRM
of thickness 10 mm experienced a shear strength gain of 173% relative to a control
unstrengthened specimen, while the counterpart with 20 mm thickness had a strength
gain of 184%.
Contamine et al. (2013) tested two average TRM thicknesses in strengthening
damaged RC beams: 5 mm and 10 mm. Results from the tests showed that the
thickness of reinforcement did not significantly affect the strength gains of the
strengthened specimens.
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2.3.10 Effect of Method of Application
Contamine et al. (2013) used two methods to apply TRM layers to tested
specimens: hand lay-up directly on the beam, and bonding of precast plates using
epoxy resin. Experimental results showed that the method of application of TRM to
the beams did not significantly affect the strength gains of the strengthened
specimens.
2.4 Research Significance
A survey of available previous studies carried out on shear strengthening of
RC beams was conducted. The literature review provided also insight on bond
characteristics of TRM strengthening systems. Previous studies demonstrated the
promise of using TRM in strengthening RC elements where tensile and shear stresses
dominate. The matrix used to bond the fabric to concrete is crucial and should be
investigated prior to strengthening application. Parameters such as the mode of
failure, the progressive development of cracks, and the ductility of the strengthening
systems should be thoroughly investigated and should govern the selection of the
strengthening system.
To date, few studies investigated the performance of RC beams strengthened
in shear with TRM. These studies showed sometimes inconsistent conclusions due to
the wide variety in the properties of TRM systems used. Lack of uniform properties
in all TRM systems necessitates dealing with each type on a distinct basis. Previous
studies demonstrated, however, the potential promise of the use of TRM composites
in shear strengthening of RC beams. Parameters such as number of fabric sheets
used, thickness of mortar layers, fabric type, and strengthening scheme have been
investigated.
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Little effort has been devoted to examine the effect of varying the amount of
internal steel stirrups on the contribution of the TRM to shear resistance. There is
also a lack of numerical studies on performance prediction of RC beams
strengthened in shear with TRM. The present work aims at filling these gaps and
providing insight into the response of RC beams shear-strengthened with TRM.
2.5 Research Objectives
The overall objective of the current study is to investigate the shear response of
RC beams strengthened in shear with TRM. The detailed objectives are listed herein.


Investigate the effect of varying the matrix type on the bond behavior
between concrete and TRM system.



Examine the viability of using TRM strengthening system to improve the
shear response of RC beams.



Quantify the effect of varying the amount of internal stirrups, number of
TRM layers, and matrix type on the contribution of the TRM to the shear
resistance of RC beams.



Develop three-dimensional (3D) finite element (FE) models that can predict
the non-linear structural response of shear-deficient RC beams strengthened
with TRM.
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Chapter 3: Double-Shear Bond Testing
3.1 Introduction
Prior to conducting the large-scale beam tests on shear strengthening of RC
beams, a double-shear bond tests were conducted to investigate the bond
characteristics between TRM systems and concrete. Twenty-seven double-shear
specimens were tested under direct shear loading. Two types of cementitious mortars
(TRM specimens) and one type of epoxy (TRP specimens) were used as a matrix.
Based on results of the double-shear bond tests, the mortar with the superior
performance has been selected as a matrix in the TRM system used in shear
strengthening of the beam specimens of the large-scale beam tests.
3.2 Experimental Program
The test specimens consisted of a pair of concrete cubes of 150 mm sides,
placed apart at a clear distance of 370 mm as shown in Figure 3.1. Pairs of fabric
meshes made of carbon fibers were cut to predetermined lengths and widths and
attached to the parallel sides of the cubes to constitute double-shear specimens with
various bonded areas. The specimens were divided into three groups according to the
type of the bonding matrix. The test program is given in Table 3.1. A combination of
three bonded lengths and three bonded widths of 75 mm, 100 mm, and 150 mm were
used. Based on the combination of the investigated parameters, a total of 27
specimens were tested. The specimens were labeled in the order of the matrix type
(M1, M2, and E for epoxy), width of the bonded area (W), and length of the bonded
area (L). For instance, specimen M2-100-150 refers to a specimen with cementitious
mortar M2 and a fabric bonded area of 100 mm width and 150 mm length.
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Table 3.1: Double-shear bond testing program
Specimen

Bonded area
Width, mm
Length, mm

Matrix

M1-75-75

75

75

M1

M1-100-75

100

75

M1

M1-150-75

150

75

M1

M1-75-100

75

100

M1

M1-100-100

100

100

M1

M1-150-100

150

100

M1

M1-75-150

75

150

M1

M1-100-150

100

150

M1

M1-150-150

150

150

M1

M2-75-75

75

75

M2

M2-100-75

100

75

M2

M2-150-75

150

75

M2

M2-75-100

75

100

M2

M2-100-100

100

100

M2

M2-150-100

150

100

M2

M2-75-150

75

150

M2

M2-100-150

100

150

M2

M2-150-150

150

150

M2

E-75-75

75

75

Epoxy

E-100-75

100

75

Epoxy

E-150-75

150

75

Epoxy

E-75-100

75

100

Epoxy

E-100-100

100

100

Epoxy

E-150-100

150

100

Epoxy

E-75-150

75

150

Epoxy

E-100-150

100

150

Epoxy

E-150-150

150

150

Epoxy
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LVDTs

Loaded
end

Load cell

Hydraulic
jack

(a)

Anchored end

(b)

Figure 3.1: (a) Schematic and (b) photo of the test setup

3.2.1 Specimens Fabrication
Figure 3.2 depicts the procedure used in preparing the double-shear
specimens. Prior to attaching the fabric to the concrete substrate, the concrete surface
was manually roughened with an electrical saw as shown in Figure 3.2a. This step
was necessary to increase the mechanical interlock between the concrete substrate
and the cementitious matrix as recommended by Bissonnette et al. (2012). For the
TRM specimens, the concrete cubes were dampened with water for two hours prior
to mortar application. A dual shaft electrical mixer was used to prepare the mortars
and to ensure the uniformity of the mix. The mixing operation lasted for 3 to 5
minutes. The hand lay-up method was used to apply the TRM/TRP to the concrete
substrate. The length and width of the bonded area were marked on the concrete cube
surface. A mortar layer of 4 mm thickness was manually applied on the concrete
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surface using a metal trowel before laying up the fabric pre-cut in lengths and widths
as shown in Figure 3.2b. Hand pressure was applied to ensure full impregnation of
the fabric in the mortar (Figure 3.2c). A second layer of mortar was laid on top of the
fabric and a bearing weight was applied on the sandwiched fabric for a few minutes
(Figure 3.2d). The TRM specimens were cured for 24 hours using damp burlap
covered with plastic sheets to prevent the evaporation of the curing water. Similar
procedure was adopted to bond the fabric to the other side of the cube. The hardened
specimens were air-cured for 28 days at a temperature of 20 ± 2°C and a relative
humidity of 95%. The total thickness of the TRM layer was on average 10 mm.

(c)

(b)

(a)

Roughened surface
ends
(d)

Prepared specimens

(e)

Bearing load

Fabric impregnation

(f)

Anchored ends

Edges trimming

Figure 3.2: Fabrication of the double-shear specimens

At the other end of the specimen, referred to as the anchored end, the fabric
was bonded to the concrete using epoxy with a bonded length equal to the side
dimension of the cube (150 mm). The TRM/TRP was further wrapped transversally
with glass-fiber reinforced polymer (GFRP) sheets to create a confined anchored end
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as shown in Figure 3.2e. This technique was implemented in all TRM and TRP
specimens to ensure that the failure occurred at the other specimen’s end, referred to
as the loaded end. Similar procedure was adopted to bond the fabric in TRP
specimens except that these specimens were not damped before epoxy application.
The total thickness of the TRP layer was approximately 5 mm. Prior to testing, the
edges of the bonded areas were trimmed to the predetermined dimensions using an
electrical cutter as shown in Figure 3.2f.
3.2.2 Material Properties
The cubes were cast using concrete with average compressive cubic strength
of 55 MPa. Carbon fabric commercially known as Sigratex® 600 was used in
preparing the specimens. The fabric was a resin-coated bidirectional mesh made of
carbon fibers joined together to form rovings in two orthogonal directions as shown
in Figure 3.3. Rovings in the strong direction were spaced at 10 mm and held
together with stitches whereas rovings in the other direction were spaced at 18 mm
(Figure 3.3). The physical and mechanical properties of the fabric as obtained from
the manufacturer are given in Table 3.2.

Figure 3.3: Schematic of carbon fabric used in the study
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Table 3.3 lists the mechanical properties of the commercial mortars and
epoxy used in preparing the specimens (data was obtained from the manufacturer).
The cementitious matrix, M1, was a non-shrink metallic aggregate mortar produced
by BASF® and commercially known as Embeco® 885. As per the manufacturer
datasheet, the mortar has a compressive strength that ranges between 62 to 76 MPa
after 28 days of curing, depending on the amount of water used during mixing. The
tensile strength and modulus of elasticity of M1 were 3.4 MPa and 25.4 GPa,
respectively. The actual properties of the mortar M1 used in shear strengthening of
the beam specimens are given in Chapter 4. The other cementitious mortar used in
preparing the TRM2 specimens was also produced by BASF® and commercially
known as MasterEmaco® S466. The mortar has a compressive strength, tensile
strength, and modulus of elasticity of 65 MPa, 3.5 MPa, and 40.7 GPa, respectively
(data was obtained from the manufacturer data sheet). For the TRP specimens, epoxy
resin produced by SIKA® and commercially known as Sikadur 30® was used to
bond the fabric to the concrete substrate.
Table 3.2: Typical characteristics Sigratex® 600 carbon fabric
Weight
(g/m2)

Grid spacing
(mm)

609

10/18

Grid
strength
(kN/m)
325/250

Tensile
strength
(MPa)
3800

Elastic
modulus
(GPa)
230

Elongation
(%)
1.25 – 1.6

Table 3.3: Typical mechanical characteristics of mortars and epoxy used
Adhesive

Embeco® 885
MasterEmaco® S466
Sikadur® 30

Compressive
Strength
(MPa)
62-76
65
62

Tensile strength
(MPa)
3.4
3.5
25

Flexural
Strength
(MPa)
7.9
7.5
47

Modulus of
Elasticity
(GPa)
25.4
40.7
4.5
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3.2.3 Instrumentation and Test Setup
Each specimen was tested vertically as a self-reacting system as shown in
Figure 3.1. A hydraulic jack operated by a manual pump was placed between the
loaded end (top) and the anchored end (bottom) of the specimen. A circular load cell
of 200 kN capacity was placed between the hydraulic jack and the anchored end to
monitor the applied load during testing. To avoid load eccentricity during the test, the
top surface of the anchored end located below the load cell was leveled by means of
an electrical grinder before testing. Steel shims were used between the anchored end
and the load cell when necessary.
Strain gauges (SG) were bonded to the surface of the matrix in both TRM and
TRP systems to monitor the surface strains during testing. Locations and labels of the
strain gauges are illustrated in Figure 3.4 for different test specimens. The gauges
were glued along the centerline of the specimen at spacing that varied with the
bonded length of the fabric. Specimens with bonded lengths of 75 mm and 100 mm
were instrumented with three strain gauges attached on each side at spacings of 32.5
and 45 mm, respectively, whereas specimens with the bonded length of 150 mm had
four strain gauges on each side attached at a spacing of 46.7 mm.

(a)

(b)

(c)

Figure 3.4: Locations and labels of strain gauges (SG) in specimens with (a) L = 75
mm, (b) L = 100 mm, and (c) L = 150 mm. Dimensions are in mm
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Linear variable displacement transducers (LVDTs) were used to measure the
relative slip between the TRM/TRP layer and concrete. Two LVDTs were fixed with
magnetic clamps at the top of the loaded cube as shown in Figure 3.1. A data
acquisition system recorded the readings of the load cell, the strain gauges, and the
LVDTs at a rate of 5 readings/sec.
3.3 Test Observations
Prior to loading, the fabrics were slackened within their free length. As the
load increased, the fabric stretched and noticeable elongation in the fabric was
recorded. Special attention was given to apply the load concentric with the
longitudinal axis of the specimen to prevent rotation of the specimen and/or
premature rupture of the fabric at one side. Cracks in the TRM were marked and
counted as listed in Table 3.4 to Table 3.6.
3.3.1 TRM1 Specimens
The test results of the TRM1 specimens are summarized in Table 3.4. From
the test observations, the behavior of TRM1 specimens consisted of two stages
namely, (a) the uncracked and (b) the cracked stages. The uncracked stage extended
from the time the specimen was loaded until the first crack occurred. During this
stage, noticeable elongation of the fabric was observed and intermittent explosive
sounds were heard indicating local fracture of the matrix and/or debonding at the
fiber-matrix interface. The cracked stage spanned between the cracking load, Pcr, and
the ultimate load, Pult. In most of the specimens, cracking occurred in the proximity
of the loaded edge of the cube. Immediately after cracking, the composite action
between the fabric and the matrix weakened and the integrity of the TRM system
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was compromised until failure occurred. The close proximity of the cracking and
ultimate loads was confirmed by the ratio of the cracking load to the ultimate load, α.
An average value of α = 0.76 was determined for the TRM1 specimens. As the load
increased, it was noticed that the cracks widened and more cracks were formed. Most
specimens developed a number of cracks that was proportional to the bonded length
of the TRM system. This is depicted in Table 3.4 in which specimens of the short
bonded length (i.e., L = 75 mm) showed a single crack before failure while
specimens of the long bonded length (i.e., L = 100 and 150 mm) showed more than
one crack prior to failure.
Table 3.4: Test results of TRM1 specimens – Mortar M1
Pcr
(kN)
5

α=
Pcr/Pult

1

Pult
(kN)
8.38

0.6

τult
(MPa)
0.74

M1-100-75

1

15.74

15

0.95

1.05

M1-150-75

1

26.36

18

0.68

1.17

M1-75-100

0

16.74

-

-

1.12

M1-100-100

3

17.86

15

0.84

0.89

M1-150-100

3

28.36

20

0.71

0.95

M1-75-150

2

23.24

15

0.65

1.03

M1-100-150

3

27.24

20

0.73

0.91

M1-150-150

4

38.72

36

0.93

0.86

Specimen

No. of
cracks

M1-75-75

Note: Pcr = cracking load; Pult = ultimate load; τult = ultimate stress

Failure Mode
Fabric
delamination/fabric
longitudinal deformation
Fabric
delamination/fabric
longitudinal deformation
Fabric
delamination/fabric
longitudinal deformation
Fabric rupture at free
length
Fabric
delamination/fabric
longitudinal deformation
Fabric
delamination/fabric
longitudinal deformation
Fabric delamination/
Slippage at anchored end
Fabric
delamination/fabric
longitudinal deformation
Fabric
delamination/fabric
longitudinal deformation
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Typical failure modes of specimens are shown in Figure 3.5. All of the TRM1
specimens failed by delamination of the fabric from the matrix as a result of the
inter-laminar tensile shear along the fabric/matrix interface. The continuous
explosive sounds evidenced the progressive local fracture of the fibers of the
longitudinal strands at the fabric joints. This phenomenon was followed by the
slippage of the fabric inside the matrix out of the matrix until complete delamination
of the fabric occurred. This mode of failure is depicted in Figure 3.5a for specimen
M1-150-150. None of the TRM1 specimens failed at the concrete/matrix interface.
On the contrary, perfect bond was evidenced between the concrete substrate and the
TRM layer. Specimen M1-75-100 exhibited premature rupture of the fabric within its
free length. This mode of failure was attributed to the misalignment of the specimen
during testing.
3.3.2 TRM2 Specimens
The test results of the TRM2 specimens are summarized in Table 3.5. Similar
to specimens TRM1, two stages defined the loading phases of the TRM2 specimens.
Noticeable elongation and local debonding of the fabric fibers and/or fracture of
matrix were observed during the uncracked stage. As given in Table 3.5, the first
crack in most of the TRM2 specimens occurred at a load smaller than that of their
counterpart TRM1 specimens. For instance, cracking in specimens M2-75-150 and
M2-100-75 occurred at 9 kN and 8 kN representing 51% and 55%, respectively, of
their corresponding ultimate loads. Their counterpart specimens M1-75-150 and M1100-75 cracked at 15 kN, which corresponded to 65% and 95% of their ultimate
loads, respectively.
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The TRM2 specimens exhibited multiple cracks and hence failure was more
ductile compared to the failure of the TRM1 specimens. Large discrepancies were
encountered at failure of TRM2 specimens, which marked the poor compatibility
between the fabric and the M2 matrix. As given in Table 3.5, five specimens failed
by delamination of the fabric from the matrix as a result of the inter-laminar shearing
at the fabric/matrix interface. In these specimens, large deformations occurred in the
fabric before the fabric slipped out of the matrix as shown in Figure 3.5b for
specimen M2-75-100. In some specimens, fabric delamination was accompanied by
the popping out of the outer layer of the matrix, which exposed the fabric and caused
significant loss of bond between the fabric and the matrix. The separation of the
outer layer of the matrix is depicted in Figure 3.5c for specimen M2-100-150. The
TRM2 specimens with the matrix pop out mode of failure experienced lower peak
stresses than those of their TRM1 counterparts.
Table 3.5: Test results of TRM1 specimens – Mortar M2
Specimen

No. of
cracks

Pult
(kN)

Pcr
(kN)

α=
Pcr/Pult

τult
(MPa)

M2-75-75

1

13.96

8.4

0.6

1.24

M2-100-75

2

14.5

8

0.55

0.97

M2-150-75

3

22.12

16.6

0.75

0.98

M2-75-100

5

12.5

10

0.8

0.83

M2-100-100

3

23.36

15.2

0.65

1.17

M2-150-100

4

23.56

19.2

0.81

0.79

M2-75-150

1

17.74

9

0.51

0.79

M2-100-150

3

18.12

11

0.61

0.6

M2-150-150

5

29.1

21

0.72

0.65

Failure Mode
Fabric rupture inside
matrix/slippage from matrix
Fabric rupture inside
matrix/slippage from matrix
Fabric rupture inside
matrix/slippage from matrix
Fabric delamination with matrix
pop out/large longitudinal
deformation
Fabric delamination/fabric large
longitudinal deformation
Fabric delamination/slippage from
matrix
Rupture of fabric inside
matrix/fabric large longitudinal
deformation
Fabric delamination with matrix
pop out/large longitudinal
deformation
Fabric delamination with matrix
pop out/large longitudinal
deformation
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Other TRM2 specimens exhibited different modes of failure. Specimens with
the short bonded length (L = 75 mm) failed by the fabric rupture inside the matrix
immediately after formation of one large crack in the middle of the bonded area, as
shown in Figure 3.5d for specimen M2-75-75. Fabric rupture also characterized the
failure of specimen M2-75-150. No cracks were formed in specimen M2-75-150
except one crack that developed at the edge of the bonded area. The fabric then
slipped from the mortar and the test was halted.
3.3.3 TRP Specimens
The test results of the TRP specimens are summarized in Table 3.6. Fabric
rupture characterized the failure of most of the TRP specimens. Failure was therefore
brittle with no cracks developed in the bonded zone. This brittle mode of failure was
more pronounced in the specimens with large bonded lengths. Specimen E-100-150
failed by the fabric rupture within its free length whereas specimen E-150-150 failed
by fabric rupture in the vicinity of the anchored end. These two modes of failure are
depicted in Figure 3.5e and Figure 3.5f, respectively. As the applied load increased,
progressive rupture in the longitudinal fibers accompanied with successive explosive
noise was noticed. Fabric rupture in specimen E-75-75 occurred simultaneously at
both anchored and loaded ends with large deformations in the free length of the
fabric. For specimen E-150-75, progressive loss of carbon fiber strands was noticed
in the loaded zone before complete rupture at the anchored end occurred.
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Table 3.6: Test results of TRP specimens – Epoxy
No. of
cracks

Pult

Pcr

(kN)

(kN)

α=
Pcr/Pult

(MPa)

E-75-75

-

14.36

-

-

1.28

Simultaneous fabric rupture at
anchored and loaded end/fabric
slippage

E-100-75

-

34.86

-

-

2.32

Progressive fabric rupture at
loaded end/fabric slippage

E-150-75

-

34.1

-

-

1.52

E-75-100

-

10.24

-

-

0.68

E-100-100

2

32.22

29

0.9

1.61

Premature strand rupture
followed by fabric rupture at
loaded end/fabric slippage
Premature fabric rupture at
loaded end due to misalignment
Progressive fabric rupture at
loaded end/fabric slippage

E-150-100

-

44.1

-

-

1.47

Progressive fabric rupture at
loaded end/fabric slippage

E-75-150

-

25.24

-

-

1.12

Progressive fabric rupture at
loaded end/fabric slippage

E-100-150
E-150-150

-

23.86
42.98

-

-

0.8
0.95

Fabric rupture at free length
Fabric rupture at the anchored
end

Specimen

τult

Failure Mode

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.5: Typical failure modes of specimens (a) M1-150-150, (b) M2-75-100, (c)
M2-100-150, (d) M2-75-75, (e) E-100-150, and (f) E-150-150
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3.4 Experimental Results
3.4.1 TRM/TRP Surface Strain Response
As previously described, all specimens were instrumented by strain gauges
(SG) bonded to the surface of the matrix at predetermined locations as shown in
Figure 3.4. The bond stress-surface strain responses of representative specimens as
obtained from the strain data recorded during the tests are shown in Figure 3.6. The
average bond stress, τ, along the length of the bonded area was determined at any
stage of loading as follows:

𝜏 =

𝑃
2𝑊𝐿

Eq. 3.1

where P is the load applied at any stage during the test, W and L are the width and
length of the bonded area, respectively.
Generally, the strain gauge located at the loaded end exhibited the highest
strains whereas the gauge located at the free end featured no or minimal strains. Prior
to cracking, the stress-strain curves showed an increase in the recorded strain as the
load increased until cracking occurred. After cracking, the shape of the stress-strain
curve depended widely on the position of the strain gauge with respect to the loaded
end. The strain gauges closer to the free end showed an almost linear strain response
up to failure, whereas the gauges closer to the loaded end showed a bi-linear strain
response.
From Figure 3.6a, it can be observed that SG 1 located at the free end of
specimen M1-150-150 exhibited almost no strains. However, the strains recorded by
SG 4, located at the loaded end, exhibited a bi-linear response. The trend of the
stress-strain response was also affected by the development of cracks during loading.

52

Cracks caused the fabric/matrix to lose their integrity and hence a reduced slope in
the load-strain curve was noticed. This finding is shown in Figure 3.6b for specimen
M1-75-150. The strain gauge SG 3, located near the midpoint of the TRM layer of
specimen M1-75-150, showed a reduced slope of its stress-strain response after
cracking.
Similar trends for the stress-strain response were noticed in the TRM2
specimens. This is depicted in Figure 3.6c and Figure 3.6d for specimens M2-75-75
and M2-75-150, respectively. The strain gauge SG 1, located at the free end of the
TRM of specimen M2-75-75, exhibited almost no strains whereas strains of SG 2,
located at the midpoint of the TRM, experienced a bi-linear response because of the
development of cracks during testing. The strain gauge SG 3 in specimen M2-75-75
failed early due to cracking at the loaded end. Similarly, SG 1 and SG 2, located near
the free end of the TRM layer in specimen M2-75-150, showed a linear strain
response whereas SG 3 and SG 4, located near the loaded end, featured a bi-linear
strain response. The strain values exhibited by SG 3 and SG 4 were obviously higher
than those experienced by SG 1 and SG 2.
All strain gauges in the TRP specimens showed a linear stress-strain response
up to failure as demonstrated in Figure 3.6e and Figure 3.6f for specimens E-100-75
and E-75-75, respectively. This occurred because the TRP specimens did not
experience cracking throughout testing. The strains decreased as the distance from
the loaded end increased.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.6: Bond stress-surface strain relationships for specimens (a) M1-150-150,
(b) M1-75-150, (c) M2-75-75, (d) M2-75-150, (e) E-75-75, and (f) E-100-75
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Figure 3.7 shows the longitudinal strain distribution measured on the surface
of the TRM and TRP layers of representative specimens at various percentages of the
specimen’s ultimate load. The plots clearly revealed that strains at the proximity of
the loaded edge of the fabric were significantly higher than those near the free edge,
giving evidence to shear stress concentration at the loaded edges. This can be
illustrated from the results obtained for specimens M1-75-100 and M2-75-100 shown
in Figure 3.7a and Figure 3.7b. Strain gauges (SG 2) and (SG 3) showed strains of 37
µɛ and 122 µɛ, respectively, compared to 4 µɛ in strain gauge (SG 1) for specimen
M1-75-100 at 80% of the ultimate load. Stress concentration at the loaded edges of
the fabric explained the initiation of cracks at this location and the subsequent
development of new cracks towards the free end as the load increased. It also
suggested that fabric delamination from the matrix started near the loaded end, which
confirmed the test observations of TRM1 and TRM2 specimens.
The TRP specimens showed a similar trend as shown in Figure 3.7c.
However, stress concentration at the loaded edges was more pronounced than in case
of the TRM specimens. Due to the strong adhesion of the epoxy with the fabric, the
TRP specimens showed higher strains than their counterpart TRM specimens. A
comparison between specimens M1-75-100 and E-75-100 revealed higher strains
recorded in the later specimen than in the former one (76 µɛ versus 256 µɛ,
respectively, at 60% of the ultimate load).
Figure 3.7 demonstrated that the type of matrix affected the surface strain
profile and also the maximum strain recorded in the matrix prior to failure. From this
figure, it can be seen that the TRP specimens exhibited steeper strain profile than
those of the TRM specimens, which indicated better bond properties at the fabricmatrix interface. The higher strains observed in the TRP specimens could also be
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attributed to the lower modulus of elasticity of the epoxy used compared with those
of the mortars. Similarly, the slope of the strain profile of the TRM1 specimens was
steeper than that of TRM2 specimens. It was also interesting to note that the strain
values of the TRP specimens, measured at the loaded end by SG 3, were higher than
those of the TRM specimens indicating greater contribution to the load resistance.
Similarly, strain values measured at the loaded end by SG 3 of the TRM1 specimens
were higher than those of TRM2 specimens. Good bonding at the fabric-matrix
interface results in less slip of fabric, greater transfer of load to the matrix, and
hence, higher surface strains. As will be presented in the following sections, the
average bond stress at failure was a maximum for the TRP specimens and minimum
for the TRM2 specimens. This indicated that results of surface strains exhibited by
the TRP and TRM specimens were consistent with results of their bond stresses
recorded at failure.
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TRM 1

(a)

TRM 2

(b)

TRP

(c)

Figure 3.7: Surface strain distribution along the axis of the bonded area at various
stages of loading for specimens (a) M1-75-100, (b) M2-75-100, and (c) E-75-100
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3.4.2 Bond Stress-Slip Response
As highlighted earlier, LVDTs were used to measure the slip of the
TRM/TRP matrices relative to the concrete substrate. Figure 3.8 shows the load-slip
relationship for representative TRM and TRP specimens as obtained from the LVDT
measurements. It can be noticed that no slip occurred between the TRM layer and the
concrete substrate until failure occurred. This finding confirmed the mode of failure
of the TRM specimens that was induced by a separation between the fabric and the
matrix rather than debonding at the TRM matrix/concrete interface. It also confirmed
the mode of failure that was observed in the TRP specimens.
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(a)

(b)

(c)
Figure 3.8: Bond stress-slip curves between the matrix and the concrete substrate as
obtained from the LVDTs readings for specimens (a) M1-75-150 and (b) M2-100100, and (c) E-75-75
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3.4.3 Cracking and Bond Stress at Failure
Figure 3.9 compares the cracking stresses of TRM1 and TRM2 specimens.
As previously noted, the TRP specimens did not exhibit cracking before failure
except one specimen (E-100-100) that showed a single crack at the loaded edge. For
all TRM specimens, the cracking load, Pcr, was determined from the visual
inspection conducted during the tests and corresponded to the measured load at the
onset of cracking. Average stresses encountered at the first crack for specimens
TRM1 and TRM2 were 0.72 MPa and 0.58 MPa, respectively.
Figure 3.10 compares the bond stress attained by all specimens at failure.
Specimens TRM1 showed higher bond stress than that of their TRM2 counterparts.
The only exception was for specimens M1-75-75 and M1-100-100 that showed lower
bond stress at failure than their counterpart specimens in the TRM2 group. Excluding
these two specimens, specimens TRM2 developed 79% of the bond stress attained by
specimens TRM1 under similar conditions of loading and bonded areas. Average
bond stresses of 0.97 and 0.89 were determined for the TRM1 and TRM2 specimens
at failure, respectively, compared to average bond stress of 1.30 MPa for the TRP
specimens. This finding was consistent with the test observations in which premature
failure due to pop out of mortar occurred after the fabric delamination and the
bursting of the external layer of the matrix in the TRM2 specimens.
Figure 3.11 depicts the relationship between the bond stress at failure and the
bonded length of the fabric in TRM and TRP specimens with a constant width. It can
be seen that both types of TRM and TRP specimens revealed similar trends. For the
same width of the bonded area, the bond stress of the tested specimens tended to
decrease with an increase in the bonded length. This observation was valid for all of
the tested specimens despite some discrepancies that can be identified from the plots
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(e.g., specimens M1-75-75, M2-100-100, and E-75-100 that showed different
behavior). The decrease in bond stress with the bonded length confirmed the results
reported in previous studies on TRM specimens (D’ambrisi et al. 2013). This
phenomenon can be attributed to the nonlinear distribution of the bond stress along
the embedded portion of the fabric, which is more pronounced in specimens with
longer embedment length.

TRM1
TRM2

(Note: specimen M1-75-100 failed by fabric rupture within its free length without cracking)

Figure 3.9: Cracking stress for specimens TRM1 and TRM2

TRM1
TRM2
TRP

Figure 3.10: Bond stress at failure of specimens TRM1, TRM2, and TRP
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The effect of the embedment lengths on the bond stress at failure was also
evidenced from the test results of the specimens having equal bonded fabric area but
with alternate dimensions (i.e., specimens with alternate widths and lengths). For
instance, the alternate TRM1 specimens M1-150-75 and M1-75-150 showed bond
stresses of 1.17 and 1.03 MPa, respectively. Specimens M2-150-75 and M2-75-150
showed a similar trend with the former specimen (L = 75 mm) exhibiting bond stress
of 0.98 MPa compared to 0.79 MPa for the later one (L = 150 mm). The reduction in
the bond stress due to an increase in the bonded length was more pronounced in the
TRP specimens than in the TRM specimens. Specimens E-150-100 and E-100-150
attained bond stresses at failure of 1.47 and 0.80 MPa, respectively. Similarly,
specimens E-100-75 and E-75-100 showed bond stresses of 2.32 and 0.68 MPa,
respectively. This finding confirmed the perfect bond between the fabric and epoxy.

62

(a)

(b)

(c)

Figure 3.11: Effect of the bond length, L, on bond stress at failure of (a) TRM1, (b)
TRM2, and (c) TRP specimens
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Chapter 4: Large-Scale Beam Testing
4.1 Introduction
A total of 12 tests were conducted in the large-scale beam tests on six
reinforced concrete (RC) beams with a rectangular cross-section of 150 mm × 300
mm. The loading regime adopted in this study allowed two separate tests, one at each
shear span, to be performed on each beam (Figure 4.1). While testing each shear
span, the other shear span was left overhanging and unstressed (Figure 4.2). The tests
were carried out under three-point bending with a shear span-to-effective depth ratio
of a/d = 3. Test parameters included the type of matrix used as a binder, number of
TRM layers, and amount of internal steel stirrups.
The test specimens were grouped in three sets according to the amount of
internal stirrups as follows: no stirrups, stirrup spacing of s = 0.6d, and stirrup
spacing of s = 0.3d, where s = stirrup spacing, and d = depth of tensile steel. Four
different strengthening schemes were employed as follows: no strengthening,
strengthening with one layer of TRM, strengthening with two layers of TRM, and
strengthening with one layer of TRP. The TRM strengthening system consisted of
carbon fabric adhered to the concrete surface using fine-grained mortar serving as the
matrix. The same carbon fabric was used for the TRP system but was bonded to
concrete using an epoxy resin.
This chapter presents details of the experimental program, test specimens,
fabrication process, material properties and strengthening technique. The
instrumentation and setup for the structural test to failure are presented.
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Figure 4.1: Configuration of the strengthened specimens

(a) Test of left shear span

(b) Test of right shear span
Figure 4.2: Free body diagram of beams

4.2 Test Matrix
Table 4.1 shows the test matrix of the large-scale beam tests. Each specimen
was labeled according to the main parameters of the study in the following order:
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stirrup spacing, strengthening system, and number of fabric layers used. The
specimens were divided into three major groups as follows:


Group [A]: specimens with no stirrups (S0)



Group [B]: specimens with stirrup spacing corresponding to 0.6d (S1)



Group [C]: specimens with stirrup spacing corresponding to 0.3d (S2)

Each group consisted of a control specimen that was not strengthened and three
specimens with different strengthening configurations: one layer of TRM, two layers
of TRM, and one layer of TRP.
Table 4.1: Test Matrix
Group

Stirrup
spacing

[A]

S0
(No stirrups)

[B]

S1
(s = 0.6d)

[C]

S2
(s = 0.3d)

Strengthening
configuration
No strengthening
TRM – one layer
TRM – two layers
TRP – one layer
No strengthening
TRM – one layer
TRM – two layers
TRP – one layer
No strengthening
TRM – one layer
TRM – two layers
TRP – one layer

Specimen
designation
S0-NS
S0-TRM-1
S0-TRM-2
S0-TRP-1
S1-NS
S1-TRM-1
S1-TRM-2
S1-TRP-1
S2-NS
S2-TRM-1
S2-TRM-2
S2-TRP-1

TRM = Textile reinforced mortar (matrix = polymer-modified cementitious mortar)
TRP = Textile reinforced polymer (matrix = epoxy)
d = depth of the tensile steel
s = spacing between stirrups

4.3 Test Specimens
The beams had a rectangular cross section of 150 mm × 300 mm and a total
length of 4200 mm. The specimen size and flexural steel reinforcement were decided
so that a shear mode of failure would dominate during testing.
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The reinforcement details of beams of groups [A], [B], and [C], are shown in
Figure 4.3, Figure 4.4, and Figure 4.5, respectively. The longitudinal tensile steel
reinforcement consisted of 6 Ø 20 (20 mm diameter) steel bars, while the
compression reinforcement consisted of 3 Ø 20 steel bars. It should be noted that the
amount of longitudinal tensile steel reinforcing bars affects the shear strength of
concrete beams by dowel action. All specimens tested in the current study had the
same amount of longitudinal tensile steel reinforcing bars to ensure that the effect of
dowel action is constant in all specimens. The effect of varying the amount of
flexural steel reinforcement on the shear strength gain caused by TRM should be
investigated in future studies. The middle part of the beams (outside the test regions)
was reinforced transversely with Ø 8 (8 mm diameter) stirrups at a spacing of 100
mm. To ensure anchorage of the longitudinal bars during testing, 2 Ø 8 stirrups
spaced at 60 mm were placed outside the test regions at the support position.
Specimens of Group [A] did not include stirrups in the test region. Specimens
of groups [B] and Group [C] were reinforced in the test region with Ø 6 (6 mm
diameter) stirrups at spacings of 150 mm and 75 mm, respectively. The beams were
designed in a way such that shear failure would occur only within the test region.
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Figure 4.3: Reinforcement details – Group [A]

Figure 4.4: Reinforcement details – Group [B]
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Figure 4.5: Reinforcement details – Group [C]
4.4 Materials
4.4.1 Concrete
The constituents of concrete used in casting the tested specimens are shown
in Table 4.2. Concrete was made of Ordinary Portland cement and coarse aggregates
with medium to large sizes of 10 mm and 20 mm, respectively, in addition to fine
aggregates that consisted of dune sand and black sand. All concrete materials were
locally produced.
Table 4.2: Concrete mix ratio by weight
Cement
1

Fine aggregates
Dune sand
Black sand
0.7
0.7

Coarse aggregates
Medium
Large
1.4
1.4

Water
0.5

Tensile and compressive tests were carried out to determine the concrete
properties. Compressive tests were carried out on three 150 × 150 mm cubes,
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according to BS EN 12390-3:2009. Compressive and splitting tests were also
conducted on 150 mm × 300 mm cylinders according to ASTM C39/C39M-14a and
ASTM C496/C496M-11 respectively. Compression and splitting test results are
given in Table 4.3 and Table 4.4, respectively. The average concrete compressive
strength obtained from the cube tests was 44.5 MPa, while that obtained from the
cylinder tests was 36.2 MPa. The average concrete splitting tensile strength was 3.44
MPa.
Table 4.3: Compressive strength test results of concrete
Sample type

Cube
(150 × 150)
Cylinder
(150 × 300)

Sample No.

Compressive
strength
(MPa)

1
2
3
1
2
3

49.8
39.3
44.5
35.1
39.6
34.0

Average
compressive
strength
(MPa)

Standard deviation
(MPa)

44.5

5.3

36.2

3.0

Table 4.4: Splitting tensile strength test results of concrete
Sample type

Sample No.

Tensile strength
(MPa)

Cylinder
(150 × 300)

1
2
3

3.25
3.40
3.68

Average tensile
strength
(MPa)

Standard deviation
(MPa)

3.44

0.22

4.4.2 Steel Reinforcement
As stated earlier, the tensile steel reinforcing bars consisted of 6 Ø 20 bars,
while the compressive bars consisted of 3 Ø 20 bars. Shear reinforcement consisted
of Ø 6 stirrups in the test region and Ø 8 stirrups outside the test region. The Ø 20
and Ø 8 bars had a nominal yield strength of 520 MPa. Tensile tests were carried out
on three Ø 6 bar samples according to BS EN ISO 6892-1: 2009. The results of the
tensile tests are given in Table 4.5. The Ø 6 stirrups had yield and ultimate strengths
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of 294 MPa and 328 MPa with corresponding standard deviations of 5.51 MPa and
4.73 MPa, respectively.
Table 4.5: Tensile test results of stirrups (Ø 6)
Sample

Yield Average yield
strength
strength
(MPa)
(MPa)

1

294

2

299

3

288

Tensile
strength
(MPa)

Average
tensile strength
(MPa)

330
294

323
332

Elongation
(%)

Average.
Elongation
(%)

15
328

10

12

12

4.4.3 Carbon Textile Reinforcement
Figure 4.6 shows the carbon textile (Sigratex® Grid 600) used in
strengthening of the tested specimens. The textile was manufactured by SGL Group.
The properties of the fabric are given Table 4.6. The textile rovings were aligned in
two orthogonal directions. The longitudinal and transverse carbon rovings had a
thickness of approximately 1 mm and spacings of 10 mm and 18 mm, respectively
(Figure 4.6). Each roving had a cross-sectional area of approximately 3 mm2 in the
longitudinal (weft) direction and 6 mm2 in the transverse (warp) direction. The fibers
had a tensile strength of 3800 MPa, a modulus of 230 GPa, and an elongation at
break of 1.6%. All properties of the fabric were based on the manufacturer’s product
data sheet.

10 mm

Longitudinal (weft) direction
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18 mm

Transverse (warp) direction

Figure 4.6: Carbon textile used in strengthening
Table 4.6: Properties of carbon textile and epoxy resin
Material

Tensile
strength
(MPa)

E-Modulus
(GPa)

Area weight
(g/m2)

Elongation at
break
(%)

Carbon
fibers

3800

230

609

1.6

4.4.4 Mortar
The mortar used in the TRM systems was Embeco® 885, manufactured by
BASF. It is a high-precision, non-shrink, hydraulic, cement-based, graded metallicaggregate grout. The mortar had an average compressive strength of 74.3 MPa
(based on cube tests) and 60.4 MPa (based on cylinder tests). The average splitting
strength of the mortar was 2.12 MPa while the Young’s modulus was 22.0 GPa. The
mortar’s data sheet provided by the manufacturer indicates that it has a coefficient of
thermal expansion of 6.5 (10)-6 and a volume change at 28 days of 0.08%. The
properties of the mortar are given in Table 4.7 and Table 4.8. The compression tests
of the cubes and cylinders were performed according to BS EN 12390-3:2009 and
ASTM C 496 / C 496M, while the splitting test was conducted according to ASTM
C39/C39M-14a.
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Table 4.7: Compressive strength test results of mortar
Sample
type

Sample No.

Cube
(150 × 150)
Cylinder
(100 × 200)

1
2
3
1
2
3

Compressive
strength
(MPa)
74.4
75.0
73.5
56.0
56.8
68.5

Average compressive
strength
(MPa)

Standard deviation
(MPa)

74.3

0.8

60.4

7.0

Table 4.8: Splitting tensile strength test results of mortar
Sample
type

Sample No.

Cylinder
(100 × 200)

1
2
3

Splitting
strength
(MPa)
2.10
2.15
2.10

Average tensile
strength
(MPa)

Standard deviation
(MPa)

2.12

0.03

4.4.5 Epoxy Resin
A solvent-free, thixotropic, structural two-part adhesive based on a
combination of epoxy resins was used as the matrix in the TRP specimens. The
product is commercially known as Sikadur®-30 and manufactured by Sika. The
epoxy has a tensile strength of 24.8 MPa, modulus of elasticity of 4.5 GPa, and
elongation at breaking of 1% (based on manufacturer’s product data sheet).
4.5 Specimen Fabrication
4.5.1 Concrete Casting and Curing
The steel cages (internal reinforcement) of the beams were prepared manually
in the Concrete Laboratory at the United Arab Emirates University (UAEU). The
cages were then placed in the wooden forms prefabricated from smooth-surfaced
plywood as shown in Figure 4.7.
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Figure 4.7: Reinforcement cages in the wooden forms
The concrete components were carefully weighed and mixed in a concrete
mixer. After placing the concrete in the forms, compaction was carried out using an
electric vibrator and the surfaces were then leveled using a trowel (Figure 4.8b).
After 24 hours, the beams were removed from the forms using a portable crane
(Figure 4.8c), and curing was carried out for 28 days using wet burlap sheets and
plastic sheets (Figure 4.8d).

(a) Mixing of concrete

(c) Removal of beams from formwork

(b) Leveling of concrete

(d) Curing of beams

Figure 4.8: Casting and finishing of the beam specimens
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4.5.2 Surface Preparation
Figure 4.9 shows the method that was adopted in preparing the beam surface
prior to the application of the TRM/TRP systems. The locations of the strengthening
systems were clearly marked on the beams. A water-jet machine was then used to
roughen the designated areas. The machine worked by spraying a high-pressure
stream of water through a narrow nozzle as shown in Figure 4.9a. After roughening,
the beam surfaces were kept wet for 24 hours, using wet burlap sheets covered with
plastic sheets. This step was necessary to prevent the concrete from absorbing the
water of the applied mortar, as this could affect the concrete-mortar bond and might
lead to cracking in the strengthening layer. Just before the application of the external
strengthening, loose particles were removed from the beam surfaces using a hand
blower as shown in Figure 4.9d.

(a) Water jetting

(b) Roughened beam surface

(c) Beams after water jetting

(d) Blowing off loose particles from
beam surface

Figure 4.9: Surface preparation
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4.5.3 Application of TRM
The hand lay-up method was used in the application of the TRM
strengthening layers. The process is shown in Figure 4.10. The mortar was mixed
with water at a ratio of 1 kg to 110 ml. Mixing was done using a dual hand-held
mixer. The hand lay-up system involved applying subsequent layers of mortar and
fabric sheets. A layer of mortar was first applied using a trowel, followed by a layer
of the fabric sheet, and then another layer of mortar. The fabrics were fully
impregnated in the mortar using hand pressure as shown in Figure 4.10b. For
specimens with two layers of TRM, another fabric sheet was applied followed by a
third layer of mortar.

(a) First layer of mortar

(b) Fabric impregnation

(c) Final mortar layer

(d) Finished surface

Figure 4.10: Hand lay-up application of TRM system
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Each layer of TRM had a total thickness of approximately 6 mm. The TRP
system was applied to the beams in a similar way as the TRM system, but using
epoxy resin rather than a mortar. A layer of TRP had a thickness of approximately 5
mm. For the TRM systems, curing was carried out for 28 days using wet burlap
sheets and plastic sheets.
4.6 Instrumentation
4.6.1 Strain Gauges
Figure 4.11 to Figure 4.13 show the layout of the strain gauges used to
monitor the strains in the internal reinforcement of each group of specimens. All
strain gauges were manufactured by TML®. The properties of the strain gauges are
given in Table 4.9 as reported by the manufacturer. Specimens of group [A] had only
three strain gauges installed on the flexural steel reinforcing bars. One strain gauge
(C) was installed on the compression steel under the load point. Two strain gauges,
T1 and T2, were installed on the tensile steel bars. Strain gauge T1 was installed in
the middle of the shear span whereas strain gauge T2 was installed under the load
point. Specimens of groups [B] and [C] had similar configurations with additional
gauges installed on at the mid height of the middle three and six stirrups respectively.
To measure the diagonal compressive strains in the middle of the shear span, one
strain gauge (DST) was attached diagonally at 45° as shown in Figure 4.14.
Table 4.9: Strain gauge specifications
Type

PL-60-11
FLA-3-11

Application
surface

Gauge
factor

Mortar/Concrete
Steel

2.12
2.10

Coefficient of
thermal
expansion
11.8 × 10-6/oC
11.8 × 10-6/oC

Strain limit
(µɛ)

Resistance
(Ω)

20,000 (2%)
50,000 (5%)

120
120

77

Figure 4.11: Positions of strain gauges used in group [A] specimens

Figure 4.12: Positions of strain gauges used in group [B] specimens

Figure 4.13: Positions of strain gauges used in group [C] specimens
4.6.3 Displacement Clip Gauges
One diagonal clip inclined at 45° was attached on the surface at the middle of
the shear span to measure the diagonal displacement across cracks as shown in
Figure 4.14.Three clip gauges were attached vertically on the side surface of each
strengthened specimen to measure vertical strains on the surface of the TRM/TRP
during loading. One clip gauge was placed in the middle of the shear span, one clip
gauge was placed at a distance 125 mm away from the support point, and the
remaining clip gauge was placed at a distance 125 mm away from the load point. The
vertical clip gauges were labeled VG1, VG2, and VG3, while the diagonal clip was
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labeled DG. The clip gauges had a gauge length of 100 mm and a capacity of 5 mm.
Figure 4.15 show positions of the vertical clip gauges. The displacement readings
obtained from the vertical clip gauges were converted to strains using Eq. 4.1, where
εtrm = TRM/TRP strain, and Strm = TRM/TRP vertical displacement reading from the
clip gauges.

εtrm = (

Strm
×106 ) με
100

Eq. 4.1

Figure 4.14: Positions of diagonal displacement clip gauge and diagonal strain gauge

Figure 4.15: Positions of vertical clip gauges
4.7 Test Setup
The specimens were tested to failure in an asymmetric three-point loading
system with a clear span of 3000 mm and a shear span of 750 mm as shown in Figure
4.16. The load was applied using a MTS 500 kN actuator at a displacement rate of
1.5 mm/min. Linear Variable Displacement Transducer (LVDT) was used to
measure the displacement of the specimen below the load point. The LVDT used had
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a capacity of 100 mm and an accuracy of ± 0.01 mm. Details of the test region are
also shown in Figure 4.16. All sensors were connected to a data acquisition
equipment (Figure 4.17) which received and converted the signals from the sensors
to enable monitoring and storage of data on a computer.
The test region was coated with white paint in order to clearly observe the
evolution and propagation of cracks which were outlined with markers when
appeared. Pictures were taken at regular intervals to properly capture the crack
pattern during testing.

Detail A

Detail A
Figure 4.16: Test setup of specimens
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Figure 4.17: Data acquisition system
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Chapter 5: Results of Large-Scale Beam Testing
5.1 Introduction
Results of the large-scale beam tests are presented in this chapter. The failure
mode, deflection response, and shear strength gain caused by strengthening are
reported. The results include the flexural and shear steel strain responses, diagonal
compression strains, diagonal displacements across cracks and vertical strains
measured at the surface of the TRM/TRP. The effects of varying the stirrup spacing,
number of TRM layers, and matrix type on the shear response of the tested
specimens are identified and discussed.
5.2 Group [A]
5.2.1 Failure Mode
Specimen S0-NS exhibited a diagonal-tension mode of failure where one
major inclined shear crack initiated within the shear span at the peak load. Due to the
absence of stirrups, the shear crack extended rapidly through the beam depth as
shown in Figure 5.1a. The failure occurred suddenly without warning. In the postpeak stage, one additional inclined shear crack developed above the principal
diagonal crack as shown in Figure 5.1b.
Specimen S0-TRM-1 experienced minor inclined flexural-shear cracks close
to the load point at a load value that corresponded to approximately 30% of the peak
load. The first visible principal diagonal shear crack developed in the mid of the
shear span was observed at a load that corresponded to approximately 65% of the
peak load. As the load progressed, more shear cracks developed adjacent to the
principal diagonal crack then extended towards the load and support points. The
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beam eventually exhibited a band of shear cracks within the middle third of the shear
span as shown in Figure 5.2a. The beam failed by formation of longitudinal cracks at
the top and bottom surfaces of the beam causing separation of the side concrete
covers as shown in Figure 5.2b. Further increase in the applied displacement after
reaching the peak load caused debonding at the mortar/textile interface and local
rupture of the textile fabrics at the mid of the shear span as shown in Figure 5.2c.
The first visible principal diagonal shear crack in specimen S0-TRM-2 was
developed at the middle of the shear span at a load value that corresponded to
approximately 66% of the peak load. This crack slightly extended in length as the
load progressed. Some cracks also initiated within the end region of the shear span
closer to the load point. At about 92% of the peak load, many shear cracks developed
in the lateral triangular portion below the principal diagonal crack as shown in Figure
5.3a. Failure of specimen S0-TRM-2 involved separation of the two side concrete
covers of the beam’s lateral faces as shown in Figure 5.3b. In the post-peak stage,
flexural and flexural-shear cracks developed under the load point causing debonding
at the mortar/textile interface and local rupture of the textile fabrics in the lower
portion of the beam side below the load point as shown in Figure 5.3c.
Specimen S0-TRP-1 exhibited the first visible principal diagonal shear crack
in the mid of the shear span at a load value that corresponded to approximately 76%
of the peak load. As the load increased, the principal crack extended towards the load
point and additional diagonal shear cracks developed above it. Prior to reaching the
peak load, some flexural-shear cracks developed below the load point forming a
triangular portion as shown in Figure 5.4a. Eventually, the beam failed by
detachment of the side concrete covers of the beam’s lateral faces as shown in Figure
5.4b. In the post-peak phase, the flexural-shear cracks below the load point increased
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in length and additional inclined shear cracks developed above the principal diagonal
shear crack as shown in Figure 5.4c.

(a) at peak load

(b) final failure
Figure 5.1: Failure mode of specimen S0-NS
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(a) at peak load

Concrete cover
separation

(b) concrete cover separation

(c) final failure
Figure 5.2: Failure mode of specimen S0-TRM-1
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.3: Failure mode of specimen S0-TRM-2
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.4: Failure mode of specimen S0-TRP-1
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5.2.2 Shear Resistance
Test results of specimens of group [A] are summarized Table 5.1. From this
table, it can be seen that shear strengthening of specimen S0-TRM-1 with one layer
of TRM increased the shear resistance by approximately 110% relative to that of the
control specimen S0-NS. The shear strength gain of specimen S0-TRM-2 (145%)
was approximately 1.3 times that of specimen S0-TRM-1 (110%). This indicated that
although doubling the amount of TRM layers further increased the shear resistance,
the additional shear strength gain was not proportional to the added amount of TRM.
The shear strength gain of specimen S0-TRM-1 (110%) was approximately 85% of
that of specimen S0-TRP-1 (129%). This implied that the use of a cementitious
mortar as a matrix was slightly less effective in improving the shear resistance than
the use of an epoxy adhesive.
Table 5.1: Test results – group [A]
Group Specimen

Peak load
Shear TRM/TRP shear
Shear
Maximum
Deflection
Pmax (kN) resistance1
resistance
strength gain2 TRM/TRP strain at peak load
Vmax (kN)
Vtrm (kN)
(%)
ɛfe (µɛ)
(mm)

S0-NS
80.4
60.3
S0-TRM-1 169.1
126.8
66.5
[A]
S0-TRM-2 196.7
147.5
87.2
S0-TRP-1
184.1
138.1
77.8
1
Vmax = 0.75 Pmax
2
Relative to shear strength of the control specimen S0-NS
3
Recorded at 84% of the peak load
4
Recorded at 99% of the peak load

110
145
129

10,0193
6,139
2,4484

4.8
10.7
11.4
11.2

5.2.3 Deflection Response
Figure 5.5 shows the deflection response of specimens of group [A]. The
control specimen S0-NS exhibited a linear response up to the peak load, while the
strengthened specimens showed a linear response up to the appearance of shear
cracks. Following initiation of shear cracks, there was a slight change in the slope of
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the load-deflection curves in the strengthened specimens where a quasilinear
deflection response was recorded after cracking and up to the peak load. A higher
stiffness can be observed of strengthened specimens compared to that of the control
specimen. Specimens S0-TRM-1 and S0-TRP-1 exhibited an almost equal stiffness
in the pre-cracking stage. Following shear cracking, specimen S0-TRM-1
experienced lower stiffness than that of specimen S0-TRP-1. This indicated that the
epoxy adhesive was more effective in controlling propagation of shear cracks than
the cementitious mortar. Specimen S0-TRM-2 with the higher number of TRM
layers exhibited higher stiffness than that of specimens S0-TRM-1 and S0-TRP-1.
The control specimen S0-NS reached its peak load at a deflection of 4.8 mm where a
drop in load occurred due to formation of the principal shear crack, followed by a
gradual increase in load, another load decay and finally a continuous increase in
deflection without any significant load increase. The gradual increase in load after
the initial load decay that occurred at the peak load can be attributed to arch action
effect. The second load decay occurred at the onset of formation of a shear crack
above the principal crack that initiated earlier at the peak load. The strengthened
specimens S0-TRM-1, S0-TRM-2 and S0-TRP-1 reached their peak loads at
deflection values of 10.7 mm, 11.4 mm and 11.2 mm, respectively. Specimens S0TRM-1 and S0-TRM-2 exhibited a drop in load when they reached their peak loads,
followed by a plastic deflection response. Specimen S0-TRP-1 featured a gradual
load reduction after the peak load, followed by a sudden drop in load then it
experienced a plastic deflection response. The energy absorbed in the strengthened
specimens was significantly higher than that of the control specimen. Specimen S0TRM-2 showed the highest energy absorption followed by S0-TRP-1, with both
specimens having higher energy absorption compared to S0-TRM-1.
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Figure 5.5: Deflection response for specimens of group [A]
5.2.4 TRM/TRP Strain Response
The TRM strain response for specimens of group [A] are presented in Figure
5.6. The plot for each specimen in this figure represents readings of the gauge that
gave the highest strain values in the TRM/TRP. Other measured TRM/TRP strains
are given in the Appendix . The maximum TRM/TRP strain values recorded prior to
or at failure are given in Table 5.1. Specimen S0-TRM-1 featured a trilinear TRM
strain response whereas specimens S0-TRM-2 and S0-TRP-1 exhibited a bilinear
response. In the initial stage prior to cracking, the specimens experienced no or
minimal TRM/TRP strains. The TRM/TRP reinforcement started to contribute to the
shear resistance at a load value of approximately 100 kN for specimen S0-TRM-1
and 150 kN for specimens S0-TRM-2 and S0-TRP-1. Following cracking, the TRM
strain of specimen S0-TRM-1 increased rapidly at a high rate until it reached a value
of 10,019 µɛ at approximately 84% of the peak load. Then, the clip gauge failed due
to formation of shear crack crossing the fixed point of the clip gauge. For specimens
S0-TRM-2 and S0-TRP-1, the TRM strains increased rapidly at a higher rate in the
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post-cracking stage until failure. Specimen S0-TRM-2 reached its peak load at a
corresponding TRM strain value of 6,139 µɛ. This demonstrated that for TRMstrengthened specimens, the TRM strain at the peak load (effective TRM strain)
decreased with an increase in the number of TRM layers. The clip gage in specimen
S0-TRP-1 failed just prior to reaching the peak load. Specimen S0-TRP-1 recorded a
maximum TRP strain value of 2,448 µɛ at 99% of the peak load.

Figure 5.6: Maximum TRM/TRP strain response for specimens of group [A]
5.2.5 Flexural Steel Strain Response
The load versus longitudinal steel strain curves of specimens of group [A] are
shown in Figure 5.7 to Figure 5.10. Strains of T2 in specimen S0-TRM-2 were not
recorded due to malfunction of the strain gauge. Generally, the tensile strains
measured by T2 located under the load point were initially higher than those
measured by the strain gauge T1 located at the middle of the shear span. This is
because of the greater lever arm (i.e. greater distance from the support). Following
initiation of cracks in the shear span, the strains of T1 started to increase and get
closer to those of T2 because of the arch action effect. This was less evident in
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specimen S0-TRP-1 because it exhibited less cracks compared with those of its
counterparts strengthened with TRM. For specimens S0-NS and S0-TRM-1, the
strains measured by T1 and T2 were almost equal at the peak load. However, for
specimen S0-TRP-1, the strain measured by T1 was 20% lower than that of T2 at
peak load.
At the peak load the strains recorded by strain gauges T1, T2 and C in
specimen S0-NS were 645 µɛ, 676 µɛ and 581 µɛ, respectively. In specimen S0TRM-1, the strains at these locations were 1,568 µɛ, 1,773 µɛ and 649 µɛ,
respectively. The strains measured by the gauges C and T1 in specimen S0-TRM-2 at
the peak load were 1,213 µɛ and 2,064 µɛ, respectively. In specimen S0-TRP-1, the
strains at the peak load recorded by strain gauges T1, T2 and C were 1,429 µɛ, 1,788
µɛ and 1,803 µɛ, respectively.
The strains in the compressive steel in all specimens increased at a nearly
constant rate until the specimens reached their peak loads. The maximum measured
flexural steel strains in all specimens were lower than the yielding strain. This
confirmed the shear mode of failure experienced by the tested specimens.

Figure 5.7: Flexural steel strain response of specimen S0-NS

92

Figure 5.8: Flexural steel strain response of specimen S0-TRM-1

Figure 5.9: Flexural steel strain response of specimen S0-TRM-2
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Figure 5.10: Flexural steel strain response of specimen S0-TRP-1
5.2.6 Diagonal Displacement across Cracks
The load versus the diagonal tensile displacement across cracks for the
specimens of group [A] are shown in Figure 5.11. Specimen S0-NS reached its peak
load at the onset of initiation of one major diagonal shear crack, and hence, the
diagonal displacements across cracks were not recorded. The clip gage in specimen
S0-TRM-1 failed at the onset of initiation of shear cracks, and hence, its response
was also not recorded. Figure 5.11 indicated that shear cracks started to initiate in the
midpoint of the shear span of specimens S0-TRM-2 and S0-TRP-1 at a load value of
approximately 125 kN. Following cracking, both specimens featured similar rate of
increase of diagonal displacement across cracks. The clip gage of specimen S0TRM-2 detached at 93% of the peak load at a corresponding diagonal displacement
across cracks of 0.3 mm. For specimen S0-TRP-1, the diagonal displacement across
cracks increased at an almost constant rate until it reached a displacement of
approximately 0.4 mm at a load value of 175 kN (95% of the peak load).
Subsequently, the relationship of the load versus diagonal displacement across cracks
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in specimen S0-TRP-1 plateaued until the specimen reached its peak load at a
diagonal displacement across cracks of 0.65 mm.

Figure 5.11: Diagonal displacement across cracks for specimens of group [A]

5.2.7 Diagonal Compressive Strain Response
Plots of the load versus diagonal compressive strain relationships of
specimens of group [A] are shown in Figure 5.12. Specimen S0-NS exhibited an
almost linear diagonal compressive strain response until it failed by formation of one
major diagonal shear crack at a corresponding diagonal compressive strain of 163 µɛ.
The TRM-strengthened specimens experienced lower diagonal compressive strains
than those of specimens S0-NS and S0-TRP-1. The diagonal compressive strain of
specimen S0-TRP-1 increased at a rate higher than that of specimens S0-TRM-1 and
S0-TRM-2 because of the lower modulus of elasticity of the epoxy compared with
that of the mortar. The clip gauge of specimen S0-TRM-2 malfunctioned at the onset
of initiation of shear cracks at a load of approximately 130 kN (66% of the peak
load) and a corresponding strain of 77 µɛ. Specimens S0-TRM-1 and S0-TRP-1
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showed a change in the slope of the diagonal compressive strain response at a load
value of approximately 100 kN possibly because of initiation of internal shear cracks
in the shear span. After cracking, the diagonal compressive strains increased at a
higher rate. Due to development of more diagonal cracks, the clip gauges in
specimens S0-TRM-1 and S0-TRP-1 malfunctioned at approximately 73% of the
peak load at corresponding diagonal compressive strains of 99 µɛ and 320 µɛ,
respectively.

Figure 5.12: Diagonal compressive strain response for specimens of group [A]
5.3 Group [B]
5.3.1 Failure Mode
The first visible principal diagonal crack in specimen S1-NS was formed in
the middle of the shear span at a load that corresponded to approximately 63% of the
peak load. As the load increased, the crack extended diagonally towards the load
point and horizontally at the level of the tensile steel towards the support point. This
was followed by formation of shear cracks above the principal crack. Finally, another
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diagonal crack was developed at the peak load as shown in Figure 5.13a. In the postpeak phase, more shear cracks were developed below and above the principal crack
as shown in Figure 5.13b.
In specimen S1-TRM-1 a flexure-shear crack developed between the middle
of the shear span and the load point at a load value that corresponded to
approximately 55% of the peak load. At approximately 60% of the peak load, the
first principal diagonal crack was observed in the middle of the shear span. With
further increase in load, more shear cracks were formed in the middle of the shear
span. At approximately 85% of the peak load, flexural-shear cracks began to form
close to the load point, while existing cracks continued to extend as shown in Figure
5.14a. Eventually, the specimen failed by separation of the lateral concrete covers of
the beam (Figure 5.14b). The post-peak behavior of specimen S1-TRM-1 involved
widening of the existing flexural-shear crack developed earlier near the load point,
local delamination of the mortar at the vicinity of this crack in the tension zone, and
cracking of the beam outside the support (Figure 5.14c).
Specimen S1-TRM-2 exhibited the first visible principal diagonal crack at a
load value that corresponded to approximately 60% of the peak load. Then, many
shear cracks were developed above the principal crack in quick succession, in
addition to formation of flexure-shear cracks in the lateral triangular portion near the
load point (Figure 5.15a). Finally the specimen failed by detachment of the lateral
concrete covers of the beam (Figure 5.15b). With further applied displacement after
the peak load was reached, local rupture of the textile and a debonding at the
mortar/textile interface was observed in the bottom part of the beam under the load
point (Figure 5.15c).
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In specimen S1-TRP-1, noise was heard during testing prior to the
appearance of any cracks. A flexure-shear crack was initiated at the lower portion of
the beam close to the load point, at a load value that corresponded to approximately
69% of the peak load. The first principal diagonal shear crack was observed in the
middle of the shear span at a load value that corresponded to approximately 78% of
the peak load. With further increase in applied displacement, existing cracks
extended, a few more shear cracks appeared rapidly, and two minor short flexural
cracks were developed in the tension zone under the load point (Figure 5.16c).
Failure of the specimen involved separation of the concrete cover at the beam’s
lateral faces as shown in Figure 5.16b. In the post- peak stage, debonding of the TRP
layer from the concrete substrate and local rupture of the textile were observed in the
triangular portion close to the load point (Figure 5.16c).
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(a) at peak load

(b) final failure
Figure 5.13: Failure mode of specimen S1-NS
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.14: Failure mode of specimen S1-TRM-1
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.15: Failure mode of specimen S1-TRM-2
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.16: Failure mode of specimen S1-TRP-1
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5.3.2 Shear Resistance
Table 5.2 gives a summary of the test results for specimens of group [B]. The
shear strength gains experienced by specimens of this group were lower than those of
their counterparts from group [A]. The application of one layer of TRM in specimen
S1-TRM-1 resulted in a shear strength gain of 64% relative to the strength of the
control specimen S1-NS. Increasing the amount of TRM to two layers in specimen
S1-TRM-2 insignificantly increased the shear strength gain to 67%. This supported
the observations obtained from results of group [A] that the increase in shear
resistance due to doubling the amount of TRM layers was not proportional to the
added amount of TRM layers. In fact, results of this group indicated that for
specimens with internal stirrups, doubling the number of TRM layers had almost no
effect on the shear strength gain since it increased the shear strength gain only by 5%
over that of the specimen with one layer of TRM (S1-TRM-1). The increase in the
shear resistance of specimen S1-TRP-1 (72%) with one layer of TRP was also 1.05
times that of specimen S1-TRM-1 (64%). This provided further evidence that using
an epoxy adhesive rather than a cementitious mortar was slightly more effective in
improving the shear resistance. The insignificant effect of increasing the amount of
TRM layers or the use of epoxy rather than mortar was more pronounced for
specimens of this group relative to that of specimens of group [A].
Table 5.2: Test results – group [B]
Group Specimen

Peak load
Pmax (kN)

Shear
resistance1
Vmax (kN)

TRM/TRP shear Shear strength
Maximum
Deflection at
resistance
gain2
TRM/TRP strain peak load
Vtrm (kN)
(%)
ɛfe (µɛ)
(mm)

S1-NS
143.5
107.6
S1-TRM-1 234.7
176.0
68.4
[B]
S1-TRM-2 239.6
179.7
72.1
S1-TRP-1
239.8
180.0
72.0
1
Vmax = 0.75 Pmax
2
Relative to shear strength of the control specimen S1-NS

64
67
67

3,205
4,476
3,379

14.1
14.8
13.7
12.9
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5.3.3 Deflection Response
Figure 5.17 shows the deflection response of specimens of group [B]. All
specimens of this group exhibited a linear response up to the initiation of shear
cracks. Following this, there was a change in slope of the deflection response. This
was obvious in the unstrengthened specimen S1-NS, and less evident in the
strengthened specimens which displayed a quasilinear response after cracking.
Specimen S1-TRM-2 displayed higher stiffness relative to those of specimens S1-NS
and S1-TRM-1. The stiffness of specimen S1-TRP-1 was significantly higher than
that of specimen S1-TRM-1, indicating a slightly more effective control of cracks.
The control specimen S1-NS reached a load value corresponding to 91% of its peak
load and then experienced a slight load decay. Due to the arch action effect, the
specimen was able to sustain additional load until it reached its peak load at a
deflection of 14.1 mm. Specimen S1-NS experienced a sudden drop in load at peak,
followed by a plastic deflection. The strengthened specimens S1-TRM-1, S1-TRM-2
and S1-TRP-1 reached their peak loads at deflection values of 14.8 mm, 13.7 mm
and 12.9 mm, respectively. After reaching their peak loads, the strengthened
specimens featured a gradual reduction in load followed by a plastic response where
there was a continuous increase in deflection without a corresponding change in load.
The energy absorption the strengthened specimens were almost equal, but higher
than that of the control specimen S1-NS.
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Figure 5.17: Deflection response for specimens of group [B]
5.3.4 Stirrup Strain Response
Figure 5.18 to Figure 5.21 show the stirrup strain responses of specimens of
group [B]. The strains were monitored on the middle three stirrups located within the
shear span. Strain gauges ST1, ST2, and ST3 were bonded to stirrups 1, 2 and 3,
respectively, as shown in the legend of the figures. The stirrups generally showed
two or three phases of strain response. In the first phase the stirrups were unstrained,
prior to cracking. The second phase was initiated by the occurrence of cracks, where
stirrups started to contribute to the shear resistance of the specimen. The third phase
featured an almost plastic strain response due to yielding.
Strain gauge ST3 in the control specimen S1-NS was damaged during
specimen preparation. Stirrup 2 in specimen S1-NS started to contribute to shear
resistance at a load value of approximately 75 kN, after which the strains increased at
a very high rate until the load was about 100 kN. At this point a crack crossing
stirrup 1 developed which increased the rate of strain increase experienced by ST1.
At a load of approximately111 kN, there was a reduction in the rate of strain increase
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in the stirrups due to the formation of longitudinal splitting crack near the support.
Yielding occurred in stirrup 1 and stirrup 2 at loads of approximately 130 kN and
110 kN, respectively. The gauges failed shortly afterward at strains of 1,838 µɛ and
1,877 µɛ, respectively.
In specimen S1-TRM-1, stirrup 3 started to contribute to shear resistance at a
load value of approximately 75 kN, while stirrups 1 and 2 started to contribute at a
load value of approximately 100 kN. After cracking, the strains increased at an
almost constant rate in all stirrups up to yielding. Stirrup 1 close to the support
experienced the highest rate of strain increase whereas stirrup 3 close to the load
point exhibited the lowest. The third phase was the post-yielding phase, where the
stirrups exhibited a plastic strain response. Strain gauge ST1 failed at a load of 204
kN with a corresponding strain of 2,825 µɛ. The strains in stirrups 2 and 3 at the peak
load were 2,111 µɛ and 1,576 µɛ, respectively.
In specimen S1-TRM-2, cracking occurred across stirrups 1, 2 and 3 at load
values of approximately 130 kN, 102 kN and 75 kN, respectively. After cracking, the
strains increased at an almost constant rate, with the highest strain rate in stirrup 1
closer to the support point, while stirrup 3 close to the load point had the lowest rate
of strain increase. Strain gauge ST3 failed at a load of 226 kN where the stirrup was
about to yield, with a corresponding strain of 1183 µɛ. Stirrup 1 yielded at a load of
approximately 190 kN and the gauge failed shortly after yielding at a strain of 1,680
µɛ. Stirrup 2 yielded at a load of 232 kN and exhibited a plastic response till the
gauge failed at a strain of 1,691 µɛ.
Strain gauge ST2 in specimen S1-TRP-1 was damaged during specimen
preparation. Shear cracking occurred at a load of approximately 75 kN across stirrup
3, and 123 kN across stirrup 1. After cracking, the stirrups experienced an increased

106

rate of strain, with stirrup 3 having a higher strain than that of stirrup 1, due to a high
concentration of cracks crossing stirrup 3. The strains increased almost linearly in
stirrup 1 until the gauge failed at a load of 238 kN with a corresponding strain of 677
µɛ. Stirrup 3 almost yielded at the peak load at a strain of 1,441 µɛ.

Figure 5.18: Stirrup strain response of specimen S1-NS

Figure 5.19: Stirrup strain response of specimen S1-TRM-1
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Figure 5.20: Stirrup strain response of specimen S1-TRM-2

Figure 5.21: Stirrup strain response of specimen S1-TRP-1
The effect of strengthening on the stirrup strain response is shown in Figure
5.22. This figure depicts the stirrup strain measured by ST2 located in the middle of
the shear span. For specimen S1-TRP-1, the average strain of ST1 and ST3 was used
because ST2 malfunctioned during fabrication of the specimen. It can be seen that
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shear strengthening reduced the rate of increase of the stirrup strain in the postcracking stage, relative to that of the control specimen S1-NS. The reduced stirrup
strain exhibited by the strengthened specimens delayed yielding of stirrups and hence
increased the shear resistance. The rate of increase of stirrup strain of specimen S1TRM-2 was slightly lower than that of its counterpart S1-TRM-1, which slightly
increased the shear resistance.

Figure 5.22: Effect of strengthening on stirrup strain response – group [B]
5.3.5 TRM/TRP Strain Response
The TRM/TRP strain responses for specimens of group [B] are presented in
Figure 5.23. The figure shows plots of the gauge that gave the highest TRM/TRP
strain in each specimen. Other measured TRM/TRP strains are given in the
Appendix. The maximum TRM/TRP strain values recorded prior to or at failure are
given in Table 5.2. All specimens featured a tri-linear TRM/TRP strain response. In
the pre-cracking stage, the specimens exhibited no TRM/TRP strains. The TRM/TRP
reinforcement started to contribute to the shear resistance at an average load of
approximately 150 kN in specimens S1-TRM-1 and S1-TRP-1, and approximately
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100 kN in specimen S1-TRM-2. Following cracking, the TRM strain in specimen
S1-TRM-1 increased at an almost constant rate, up to a load of approximately 220
kN (94% of the peak load), after which the strains increased at a higher rate because
of yielding of internal stirrups. Specimen S1-TRM-1 reached its peak load at a
corresponding TRM strain of 3,205µɛ. The TRM strain in specimen S1-TRM-2
increased gradually in the post-cracking stage until yielding of internal stirrups took
place at approximately 225 kN, after which value the specimen experienced an
almost plastic TRM strain response. The TRM strain of specimen S1-TRM-2 at peak
load was 4,476 µɛ. In specimen S1-TRP-1, the TRP strains increased at an almost
constant rate after cracking until yielding of stirrups occurred at a load of about 233
kN that corresponded to 97% of the peak load. In the last stage, the specimen
experienced an almost plastic TRP strain response. At the peak load, the measured
TRP strain in specimen S1-TRP-1 was 3,379 µɛ.

Figure 5.23: Maximum TRM/TRP strain response for specimens of group [B]
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5.3.6 Flexural Steel Strain Response
The longitudinal steel strain responses of specimens of group [B] are shown
in Figure 5.24 to Figure 5.27. For specimen S1-NS, the tensile steel strains measured
by the strain gauge T2 were initially higher than those measured by T1 because of
the greater distance from the support. Following initiation of cracks in the shear span,
the strains exhibited by T1 started to increase in a non-linear fashion because of the
arch action effect, and even exceeded those of T2 at the peak load. This was less
evident in the strengthened specimens because they did not exhibit longitudinal
splitting cracks at the level of the tensile steel prior to failure.
For all of the strengthened specimens, the tensile steel strains exhibited by T2
under the load point were higher than those measured by T1 in the middle of the
shear span at all stages of loading. This occurred because of the presence of internal
and external shear reinforcement that controlled the propagation of cracks in the
shear span and prevented formation of splitting cracks along the tensile steel
reinforcing bars. The compressive steel strains measured by strain gauge C increased
linearly up to the peak load in all specimens.
At the peak load the strains exhibited by T1, T2 and C in specimen S1-NS
were 2,588 µɛ, 1,539 µɛ, and 998 µɛ respectively. Strain gauge T2 in specimen S1TRM-1 was damaged during fabrication of the specimen. At the peak load, the
strains in the tensile and compressive steel of specimen S1-TRM-1 measured by T1
and C were 2,107 µɛ and 2,407 µɛ respectively. The strains at peak load recorded by
strain gauges T1, T2 and C in specimen S1-TRM-2 were 2,191 µɛ, 2,542 µɛ, and
2,119 µɛ respectively. In specimen S1-TRP-1, the strains at these locations were
1,305 µɛ, 2,396 µɛ, and 1,850 µɛ respectively. The maximum measured flexural steel
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strains in all specimens were lower than the yielding strain which confirmed the
shear mode of failure experienced by the tested specimens.

Figure 5.24: Flexural steel strain response of specimen S1-NS

Figure 5.25: Flexural steel strain response of specimen S1-TRM-1
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Figure 5.26: Flexural steel strain response of specimen S1-TRM-2

Figure 5.27: Flexural steel strain response of specimen S1-TRP-1
5.3.7 Diagonal Displacement across Cracks
Figure 5.28 shows the relationship between load and the diagonal
displacement across cracks of specimens of group [B]. The clip gauge for the control
specimen malfunctioned during testing, and hence, its response was not recorded.
Diagonal cracks initiated at an average load of approximately 125 kN. Specimen S1-
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TRM-1 experienced the highest rate of increase of diagonal displacement across
cracks. The clip gauge in specimen S1-TRM-1 detached at a load of 226 kN (96% of
the peak load) with a corresponding diagonal displacement across cracks of 0.8 mm,
whereas for specimen S1-TRP-1 the clip gauge detached at a load of 184 kN (77% of
the peak load), with a corresponding diagonal displacement across cracks of 0.1 mm.
Specimen S1-TRM-2 experienced a lower rate of increase of diagonal displacement
across cracks than that of specimen S1-TRM-1, until the clip gauge detached at a
load value of 231 kN (96% of the peak load) at a corresponding diagonal
displacement across cracks of about 0.3 mm. The clip gauge detached earlier in
specimen S1-TRP-1 than in the TRM-strengthened specimens because of formation
of a shear crack crossing the fixed point of the clip gauge.

Figure 5.28: Diagonal displacement across cracks for specimens of group [B]
5.3.8 Diagonal Compressive Strain Response
The diagonal compressive strain responses for specimens of group [B] are
shown in Figure 5.29. All specimens except S1-TRP-1 exhibited minimal diagonal
compressive strains in the pre-cracking stage. Following cracking, the diagonal
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compressive strains increased at a higher rate. The TRM-strengthened specimens
exhibited similar diagonal compressive strain response. The TRP-strengthened
specimen (S1-TRP-1) experienced, however, higher diagonal compressive strains
than those of the TRM-strengthened specimens because of the lower modulus of
elasticity of the epoxy. The clip gauges in specimens S1-NS and S1-TRM-2
malfunctioned at loads of 133 kN (93% of the peak load) and 232 kN (97% of the
peak load), when yielding of stirrups occurred in the specimens. The corresponding
diagonal compressive strains at the onset of failure of the clip gauges were 256 µɛ
and 324 µɛ, respectively. A change in slope occurred in specimen S1-TRM-1 when
its stirrups yielded. The diagonal compressive strain in specimen S1-TRM-1 at peak
was 366 µɛ. Specimen S1-TRP-1 exhibited a plastic diagonal compressive strain
response after yielding of stirrups, until it reached its peak load at a corresponding
diagonal compressive strain of 1,002 µɛ.

Figure 5.29: Diagonal compressive strain response for specimens of group [B]
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5.4 Group [C]
5.4.1 Failure Mode
In specimen S2-NS, the first visible principal shear crack appeared at a load
value that corresponded to 51% of the peak load. As the load increased, a second
diagonal crack was formed below the initial crack, while the initial crack extended to
the support and the load point. Subsequently, one additional diagonal crack was
formed below the first crack. The beam eventually failed in a shear-compression
mode of failure due to crushing of the concrete portion above the tip of the first crack
as shown in Figure 5.30a. The post-peak phase involved formation of transverse
cracks on the beam top face and spalling of the side concrete cover along the tensile
steel reinforcing bars (Figure 5.30b).
A flexure-shear crack was observed in specimen S2-TRM-1 at a load that
corresponded to 45% of the peak load. The first principal diagonal shear crack in
specimen S2-TRM-1 was visible at the middle of the shear span at a load that
corresponded to 50% of the peak load. As the load increased, both web-shear cracks
and flexure-shear cracks developed below the principal crack as shown in Figure
5.31a. Eventually the beam failed by separation of the beam’s lateral covers. The
post-peak phase involved peeling off of the surface mortar layer in the lower portion
of the beam close to the loaded point (Figure 5.31b).
The first principal diagonal shear crack in specimen S2-TRM-2 was visible at
its midspan at a load value that corresponded to 54% of its peak load. Both flexureshear cracks and web-shear cracks appeared as the load increased. At the peak load,
the specimen featured a band of cracks in the lateral triangular portion below the
principal diagonal crack and close to the load point as shown in Figure 5.32a.
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Finally, the beam failed by separation of the lateral concrete covers (Figure 5.32b).
In the post-peak stage, a major flexural crack was developed under the load point,
followed by progressive rupture of the textile under the load point, accompanied by
cracking of the beam outside the support (Figure 5.32c).
In specimen S2-TRP-1, loud noise was heard during testing prior to the
appearance of cracks. The first visible diagonal shear crack occurred at a load that
corresponded to 62% of the peak load. As the load increased, the initial crack
extended and other shear and flexure-shear cracks appeared in quick succession as
shown in Figure 5.33a. At the peak load, the specimen failed by separation of the
concrete lateral covers (Figure 5.33b). In the post-peak stage, there was progressive
separation of the side concrete covers, accompanied by local rupture of the carbon
textile in the lower portion of the beam near the load point, and cracking of the beam
outside the support as shown in Figure 5.33c.
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Concrete crushing
above tip of shear crack

(a) at peak load

(b) final failure
Figure 5.30: Failure mode of specimen S2-NS
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.31: Failure mode of specimen S2-TRM-1
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.32: Failure mode of specimen S2-TRM-2
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(a) at peak load

(b) concrete cover separation

(c) final failure
Figure 5.33: Failure mode of specimen S2-TRP-1

121

5.4.2 Shear Resistance
The test results of specimens of group [C] are summarized in Table 5.3.
Specimens of this group experienced lower shear strength gains than those exhibited
by their counterparts from group [B]. This indicated that the shear strength gain
decreased by increasing the amount of internal stirrups. Nevertheless, the gains in
shear strength were still significant. The shear resistance of specimen S2-TRM-1
with one layer of TRM was 51% higher than that of the control specimen S2-NS.
The specimen with two layers of TRM (S2-TRM-2) had a 55% gain in its shear
strength, which was just 8% more than that of specimen S1-TRM-1 (51%). This
confirmed that although doubling the amount of TRM layers further increased the
shear resistance, the additional shear strength gain was not proportional to the added
amount of TRM.

The shear strength gain of specimen S2-TRM-1 (51%) was

approximately 88% of that of its counterpart specimen S2-TRP-1 (58%). This
indicated that the cementitious mortar was slightly less effective than the epoxy
matrix in improving the contribution of the textile reinforcement to the shear
resistance.
Table 5.3: Test results – group [C]
Group Specimen

Peak load
Pmax (kN)

Shear
resistance1
Vmax (kN)

TRM/TRP shear Shear strength
Maximum
Deflection at
resistance
gain2
TRM/TRP strain peak load
Vtrm (kN)
(%)
ɛfe (µɛ)
(mm)

S2-NS
177.7
133.3
S2-TRM-1 267.9
200.9
67.6
[C]
S2-TRM-2 275.8
206.9
73.6
S2-TRP-1
281.4
211.1
77.8
1
Vmax = 0.75 Pmax
2
relative to shear strength of the control specimen S2-NS

51
55
58

7,288
3,856
6,290

14.2
15.9
15.7
16.1
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5.4.3 Deflection Response
The deflection response of specimens of group [C] is shown in Figure 5.34.
The strengthened specimens in this group exhibited an almost linear deflection
response up to the peak load. Specimen S2-NS exhibited an almost quasilinear
deflection response because of progressive development of cracks. The initiation of
cracks in the specimens had negligible effect on the slope of their deflection
responses, except in specimen S2-NS. The strengthened specimens exhibited an
almost equal stiffness, while the control specimen S2-NS featured a lower stiffness.
Specimen S2-NS exhibited a slight load decay at approximately 94% of its peak
load, after which the load increased again up to the peak load. The deflection of
specimen S2-NS at the peak load was 15.9 mm. Specimen S2-NS featured a plastic
deflection response in the post-peak phase. The specimen was able to sustain
additional load after the load decay due to the effect of arch action. The strengthened
specimens S2-TRM-1, S2-TRM-2 and S2-TRP-1 reached their peak loads at
corresponding deflections of 15.9 mm, 15.7 mm and 16.1 mm, respectively. After
reaching their peak load, the strengthened specimens experienced a gradual load
degradation, followed by a sudden load drop which was probably due to
delamination of the surface mortar layer and/or local rupture of the carbon textile.
The energy absorbed by the strengthened specimens was significantly higher than
that of the control specimen. The TRM-strengthened specimen showed similar
energy absorption, while the TRP-strengthened specimen had a slightly higher
energy absorption.
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Figure 5.34: Deflection response for specimens of group [C]
5.4.4 Stirrup Strain Response
Figure 5.35 to Figure 5.38 show the stirrup strain responses of specimens of
group [C]. The strains were monitored on the six middle stirrups located within the
shear span. Strain gauges ST1, ST2, ST3, ST4, ST5, and ST6 were bonded to stirrups
1, 2, 3, 4, 5, and 6, respectively, as shown in the legend of the figures. The stirrup
strain response comprised generally of two or three phases. In the first phase, the
stirrups were unstrained because of the absence of cracks. The second phase was
initiated by the occurrence of cracks, and here the stirrups started to contribute to the
shear resistance. The third phase featured a change in slope or, in some cases, a
plastic strain response due to yielding of stirrups. Some of the strain gauges
malfunctioned prior to testing.
In specimen S2-NS, stirrup 4 located in the middle zone of the shear span
started to contribute to the shear resistance earlier than other stirrups, at a load of
approximately 37 kN. Stirrup 2 had the highest rate of strain increase, while stirrup
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one had the lowest. The strain gauges failed before yielding, except for stirrup 4
which yielded at a load of about 143 kN.
In specimen S2-TRM-1, stirrup 4 located in the middle zone of the shear span
started to contribute to the shear resistance earlier than other stirrups, at a load of
approximately 70 kN. After cracking, stirrup 2 and 3 had the highest rate of strain
increase until they yielded at approximately 71% of the peak load. Stirrup 4 yielded
at approximately 90% of the peak load whereas stirrups 1 and 6 yielded almost at the
peak load.
Stirrups 5 and 6 close to the load point in specimen S2-TRM-2 started to
contribute to the shear resistance earlier than other stirrups at a load of approximately
70 kN. Stirrup 2 yielded at a load of approximately 223 kN (81% of the peak load),
then it exhibited a very high rate of strain increase and finally its strain gauge failed
at a load of approximately 249 kN. All other stirrups yielded almost at the peak load.
In specimen S2-TRP-1, stirrups 5 and 6 close to the load point started to
contribute to the shear resistance earlier than other stirrups at a load of approximately
65 kN. Stirrup 4 was the first to yield at a load of approximately 242 kN (86% of the
peak load), while stirrup 3 yielded almost at the peak load. Other strain gauges
bonded to stirrups 1 to 6 malfunctioned before yielding occurred.
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Figure 5.35: Stirrup strain response of specimen S2-NS

Figure 5.36: Stirrup strain response of specimen S2-TRM-1
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Figure 5.37: Stirrup strain response of specimen S2-TRM-2

Figure 5.38: Stirrup strain response of specimen S2-TRP-1
The effect of strengthening on the stirrup strain response is shown in Figure
5.39. This figure shows the stirrup strain measured by ST4 located in the middle of
the shear span. It can be seen that shear strengthening reduced the rate of increase of
the stirrup strain in the post-cracking stage, relative to that of the control specimen
S2-NS. The reduced stirrup strain exhibited by the strengthened specimens delayed
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yielding of stirrups and hence increased the shear resistance. Specimens S2-TRP-1
and S2-TRM-1 featured an almost similar stirrup strain response until yielding of the
stirrups. Nevertheless, the stirrup strains of specimen S2-TRP-1 were slightly lower
than those of specimen S2-TRM-1. Specimen S2-TRM-1 exhibited lower stirrup
strains in the post-cracking phase than those of its counterpart specimen S2-TRM-1.
This indicated that increasing the number of TRM layers decreased the stirrup strain,
delayed yielding of stirrups, and hence, increased the shear resistance.

Figure 5.39: Effect of strengthening on stirrup strain response – group [C]

5.4.5 TRM/TRP Strain Response
Figure 5.40 shows the TRM/TRP strain response of specimens of group [C].
The figure shows plots of the gauge that gave the highest TRM/TRP strain in each
specimen. Other measured TRM/TRP strains are given in the Appendix. The
maximum TRM/TRP strain values recorded prior to or at failure are given in Table
5.3. The specimens featured a trilinear TRM/TRP strain response. In the first phase
of strain response prior to cracking, the TRM/TRP remained unstrained. The
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TRM/TRP started to contribute to shear resistance at a load value of approximately
125 kN for specimen S2-TRM-1, and 150 kN for specimens S2-TRM-2 and S2-TRP1. In the post-cracking stage, the TRM strains in specimen S2-TRM-1 increased
linearly up to a load value of approximately 200 kN (75% of the peak load), after
which there was a higher rate of strain increase. This almost corresponded to the
onset of yielding of stirrups in the specimen. Specimen S2-TRM-2 featured a low
rate of TRM strain after cracking. The strain response became plastic after the peak
load. This occurred because most stirrups in specimen S2-TRM-2 yielded at the peak
load. Specimen S2-TRP-1 exhibited a very low rate of TRP strain increase after
cracking. At approximately 212 kN (75% of the peak load), where yielding of
stirrups took place, the rate of TRP strain increased dramatically up to the peak load.
The TRM/TRP strains in specimens S2-TRM-1, S2-TRM-2 and S2-TRP-1 were
7,288 µɛ, 3,856 µɛ, and 6,290 µɛ, respectively, at their corresponding peak loads.
This indicated that the strain at the peak load decreased by increasing the amount of
TRM layers.

Figure 5.40: Maximum TRM/TRP strain response for specimens of group [C]
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5.4.6 Flexural Steel Strain Response
The flexural steel strain responses for specimens of group [C] are shown in
Figure 5.41 to Figure 5.44. The strain gauge T1 in specimen S2-TRP-1
malfunctioned during testing. The tensile steel strains measured by the strain gauge
T2 were typically higher than those measured in the middle of the shear span by
strain gauge T1. This trend lasted until yielding of stirrups took place just prior to
reaching the peak load, after which the strains of T1 increased rapidly and got close
to those of T2. The strains T1 and T2 were almost equal at the peak load in the
control specimen and in the TRM-strengthened specimens.
The compressive and tensile strains under the load point (C and T2
respectively) increased at a nearly constant rate whereas the strain response in the
middle of the shear span (T1) featured slope changes due to the occurrence of cracks
crossing the tensile steel at the middle of the shear span. At the peak load, the strains
measured by T1, T2 and C S0-NS were 1,757 µɛ, 1,735 µɛ, and 1,341 µɛ,
respectively. In specimen S0-TRM-1, the strains at these locations were 2,577 µɛ,
2,888 µɛ, and 1,337 µɛ, respectively. For specimen S2-TRM-2, the strains measured
by T1, T2, and C in the specimen were 3,210 µɛ, 3,627 µɛ, and 2,059 µɛ,
respectively. At the peak load, the strains in T2 and C in specimen S2-TRP-1 were
2,854 µɛ and 2,967 µɛ, respectively.
As presented earlier in Chapter 4, the tensile steel reinforcement consisted of
two layers. Each layer had 3 No. 20 steel reinforcing bars. The maximum measured
flexural steel strains indicated yielding of the lower layer of the tensile steel at the
onset of the peak load in the strengthened specimens. This however does not signify
a flexural mode of failure as yielding of the lower layer of tensile steel occurred after
yielding of stirrups and just as detachment of the concrete lateral covers took place.
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The load-deflection curves of the strengthened specimens did not include a plastic
phase after the peak load indicating that a flexural mode of failure was not the
dominant mode of failure. The sudden drop in load occurred at the peak load and the
observed crack patterns confirmed the shear mode of failure in all specimens.

Figure 5.41: Flexural steel strain response of specimen S2-NS

Figure 5.42: Flexural steel strain response of specimen S2-TRM-1
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Figure 5.43: Flexural steel strain response of specimen S2-TRM-2

Figure 5.44: Flexural steel strain response of specimen S2-TRP1
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5.4.7 Diagonal Displacement across Cracks
Figure 5.45 shows the relationship between load and the diagonal
displacement across cracks for specimens of group [C]. The strengthened specimens
had significantly lower rate of diagonal displacement across cracks than that of the
control specimen S2-NS. Specimen S2-TRP-1 showed the lowest rate of increase of
diagonal displacement across cracks. It can be observed that diagonal shear cracking
was initiated at load of approximately 80 kN, 120 kN and 150 kN in the control
specimen (S2-NS), the TRM-strengthened specimens (S2-TRM-1 and S2-TRM-2),
and the TRP-strengthened specimen (S2-TRP-1), respectively. After initiation of
cracks, the diagonal displacement across cracks in specimen S2-NS increased at a
somewhat linear rate up to load of approximately160 kN (90% of the peak load).
This was followed by a nearly plastic response up to the peak load, which occurred at
a corresponding diagonal displacement across cracks of 2.7 mm. The point at which
the curve showed a plastic response almost corresponded to yielding of stirrups in the
specimen. After cracking, the diagonal displacement across cracks in specimen S2TRM-1 increased at a nearly linear rate up to a load of approximately 240 kN with a
corresponding diagonal displacement across cracks of 0.4 mm, then the clip gauge
failed. Specimen S2-TRM-2 had a similar initial rate of increase of diagonal
displacement across cracks as that of specimen S2-TRM-1. The clip gauge in
specimen S2-TRM-2 malfunctioned at a load value of approximately 190 kN with a
corresponding diagonal tensile displacement across cracks of 0.15 mm. The rate of
diagonal displacement across cracks in specimen S2-TRP-1 increased almost linearly
up to the peak load, which occurred at a diagonal displacement across cracks of 0.3
mm.
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Figure 5.45: Diagonal displacement across cracks for specimens of group [C]

5.4.8 Diagonal Compressive Strain Response
The diagonal compressive strain responses for specimens of group [C] are
shown in Figure 5.46. The diagonal compressive strains increased at a very low rate
up to the occurrence of some diagonal cracks, after which diagonal compressive
strain increased at a higher rate. The strain response of the control specimen S2-NS
became somewhat plastic after yielding of stirrups. The diagonal compressive strain
in specimen S2-NS at peak was 347 µɛ. The strengthened specimens exhibited very
similar diagonal compressive strain response at the initial stage. An increase in the
rate of strain occurred at approximately 125 kN in the strengthened specimen. Then,
the diagonal compressive strain response of specimen S2-TRM-1 deviated from that
of other strengthened specimens and increased at a higher rate. The clip gauge in
specimen S2-TRM-1 malfunctioned at 180 kN with a corresponding diagonal
compressive strain of 255 µɛ. The diagonal compressive strain response of
specimens S2-TRM-2 and S2-TRP-1 continued to increase at a similar rate until
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yielding of stirrups occurred at approximately 250 kN. Following yielding of
stirrups, specimen S2-TRM-2 and S2-TRP-1 featured an almost plastic diagonal
compressive strain response. The diagonal compressive strains of specimens S2TRM-2 and S2-TRP-1 at their peak loads were 579 µɛ and 839 µɛ, respectively.

Figure 5.46: Diagonal compressive strain response for specimens of group [C]
5.5 Performance Evaluation
The interaction between the strengthening regime, amount of internal steel
stirrups and shear strength gain is demonstrated in Figure 5.47. From this figure, it
can be seen that the gain in shear strength decreased with an increase in the amount
of internal steel stirrups. The shear strength gains of the specimens with the greater
stirrup spacing of s = 0.6d (group [B]) strengthened with one layer of TRM, two
layers of TRM, and one layer of TRP, were 42%, 54%, and 48% lower than those of
their counterparts from group [A] that did not include internal stirrups, respectively.
Decreasing the stirrup spacing from s = 0.6d to s = 0.3d further decreased the shear
strength gain by approximately 17%, on average. The decrease in the shear strength
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gain due to an increase in the amount of internal steel stirrups was more pronounced
for the specimens strengthened with TRM rather than TRP.
Figure 5.47 demonstrated also that doubling the number of TRM layers
increased the shear strength gain by approximately 32% in the absence of internal
stirrups (group [A]) whereas it resulted in an average additional shear strength gain
of 6% for the specimens having internal steel stirrups (groups [B] and [C]).
Similarly, the use of epoxy adhesive as a matrix rather than a cementitious mortar
increased the shear strength gain by approximately 17% for the specimens with no
internal steel stirrups (group [A]) and by only 9%, on average, for the specimens
with internal steel stirrups (groups [B] and [C]). This indicated that effect of
increasing the amount of TRM layers or varying the matrix type on the shear strength
gain was less pronounced for the specimens with internal steel stirrups. The
strengthened specimens failed by detachment of the side concrete covers of the
beam’s lateral faces. Such a premature failure mode could limit the shear strength
gain for RC beams heavily reinforced in shear, thus reducing the effect of increasing
the amount of TRM layers or varying the type of matrix.
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Figure 5.47: Effect of test variables on shear strength gain
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Chapter 6: Finite Element Modeling
6.1 Introduction
All of the tested specimens were modeled in three-dimension (3D) using
ATENA 3D Graphical User Interface, in order to predict their shear response. The
finite element (FE) program was developed by Červenka Consulting (Červenka et al
2013), and is a part of the ATENA program system which is a collection of tools
designed specifically for the nonlinear analysis of concrete and reinforced concrete
structures. The functions of the program are three-fold: (1) Pre-processing
(generation of 3D geometrical models with loading and boundary conditions,
meshing, and solution parameters); (2) Analysis; and (3) Post-processing.
Mechanical properties of materials reported in Chapter 4 were used as input
data in the FE analysis. Experimental results indicated that there was no debonding
of the TRM/TRP strengthening layers up to the peak load, thus a perfect bond
between the TRM/TRP and concrete surface was assumed in the FE modeling.
The strengthened specimens were modeled using two approaches. The first
was a detailed approach which involved modeling the TRM/TRP strengthening
layers with a binder (mortar or epoxy) and textile, as in the experimental tests. The
second was a simplified approach which involved modeling the strengthened
specimens with the carbon textile as discrete reinforcement bonded directly on the
beam surface without a binder. For the specimens with two TRM layers, the crosssectional area of the textile rovings was doubled in the simplified FE modelling
approach.
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The constitutive material models are presented in this chapter, along with the
element types, loading and boundary conditions. Predictions of the FE models are
also presented and compared to the experimental results.
6.2 Material Constitutive Models
6.2.1 Concrete/Mortar Constitutive Model
The 3D nonlinear cementitious material model of the FE package
(CC3DNonLinCementitious2) was used to simulate the concrete and mortar
(Červenka et al. 2013). The model combines constitutive laws for tensile (fracturing)
and compressive (plastic) behavior. The fracture model is based on the classical
orthotropic smeared crack formulation and crack band model. It employs Rankine
failure criterion and exponential softening based on crack opening. The
hardening/softening plasticity model is based on Menétrey-Willam failure surface.
The model uses return mapping algorithm for the integration of the constitutive
equations.
The ascending branch of the cementitious material constitutive law in
compression is based on strains whereas the law for the descending branch is based
on displacements. The ascending branch in compression comprises two parts, linear
part up to a compressive stress value of fco = 2ft, where ft = tensile strength, followed
by a nonlinear elliptical curve. The compressive hardening/softening law is
illustrated in Figure 6.1a. The stress-strain response in the nonlinear (plastic)
hardening phase is given by Eq. 6.1, where c = compressive stress in the nonlinear
(plastic) hardening phase, fco = compressive stress at the onset of nonlinear
compressive behavior, fc’ = cylinder compressive strength, p = plastic strain, and cp
= plastic strain at compressive strength.
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Eq. 6.1

The softening law of a cementitious material in compression is assumed
linearly descending as shown in Figure 6.1b (Van Mier 1986). On the descending
curve, the plastic concrete strain, p, is transformed into displacements, wc, through
the length scale parameter, Lc, which corresponds to the projection of the element
size into the direction of minimal principal stresses. The end point of the softening
curve in compression is defined by means of the plastic displacement, wd, that is
equal to 0.5 mm (Van Mier 1986).

(a) Compressive hardening law

(b) Compressive softening law
Figure 6.1: Concrete compressive hardening/softening law
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The compressive strength in a direction parallel to the cracks is reduced in a
way similar to that proposed by Vecchio and Collins (1986) and formulated in the
compression field theory. The function used for estimating the reduced strength after
ef

cracking is given in Eq. 6.2 and Eq. 6.3, where f’ c = effective concrete compressive
strength in a direction parallel to the cracks, 1 = strain in a direction normal to the
crack, rc = compressive strength reduction factor, and rlim
c = minimum compressive
strength reduction factor taken as 0.8 based on the work done by Dyngeland (1989).

f c' ef  rc f c'
rc 

1
, rclim  rc  1.0
0.8  170 1

Eq. 6.2

Eq. 6.3

An ascending-descending relationship is adopted for a cementitious material
in tension. The slope of the ascending branch in tension is assumed equal to the
material’s modulus of elasticity. In the descending branch, the smeared crack
approach has been employed for modeling of cracks. The fixed crack model has been
adopted in the present study where the orthotropy is introduced after cracking. In the
fixed crack model, the crack direction is given by the principal stress direction at the
moment of crack initiation (i.e. when the principal stress just exceeds the material’s
tensile strength). During further loading this direction is fixed and represents the
material axis of the orthotropy (Červenka et al. 2013). The tensile softening law of a
cementitious material is illustrated in Figure 6.2. The crack opening displacement,
wt, is derived from the material strain, cf, and the crack band length, Lt, which is
assumed equal to the size of the element projected into the crack direction. The crack
opening at the complete release of stress, wtc, is based on the fracture energy of the
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material needed to create a unit area of stress-free crack, Gf, and the material tensile
strength, ft.

finite element

ft
Lt
Gf

wt =

cf

Lt
wtc

wt

Figure 6.2: Tensile softening law of concrete
The shear strength of a cracked cementitious material is calculated using Eq.
6.4 based on the modified compression filed theory by Vecchio and Collins (1986),
where ef = effective shear strength of a cracked cementitious material, fc’ = cylinder
compressive strength, ag = maximum aggregate size, w = maximum crack width at
the given location. The uniaxial tensile strength of concrete, ft, used in the analysis
was taken as 0.5fct, where fct = split-cylinder strength (Nilson et al. 2010).
Mechanical properties of concrete and mortar reported in Chapter 4 were used as
input data in the FE analysis. In case values of the properties were not known,
automatic generation was done using the default formulas given in the manual of the
software. These formulas are based on the cube strength of the concerned
cementitious material. Values of the parameters used in the concrete constitutive
model are given in Table 6.1 and those for the mortar are given in Table 6.2.
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Eq. 6.4

Table 6.1: Concrete properties
Parameter
E
υ
ft
f c’
fcu
Gf
wd
εcp
rclim

Description
Elastic modulus
Poisson’s ratio
Tensile strength
Cylinder compressive strength
Cube compressive strength
Specific fracture energy
Critical compressive displacement
Plastic strain at compressive strength
Minimum compressive strength reduction factor

Value
28 GPa
0.2
1.58 MPa
-36 MPa
-40 MPa
7.018 × 10-5 MN/m
-5 × 10-4 m
0.002
0.8

Table 6.2: Mortar properties
Parameter
E
υ
ft
f c’
fcu
Gf
wd
εcp
rclim

Description
Elastic modulus
Poisson’s ratio
Tensile strength
Cylinder compressive strength
Cube compressive strength
Specific fracture energy
Critical compressive displacement
Plastic strain at compressive strength
Minimum compressive strength reduction factor

Value
22 GPa
0.2
1.06 MPa
-60.39 MPa
-74.25 MPa
1.06 × 10-4 MN/m
-5 × 10-4 m
0.002
0.8

6.2.2 Steel Stress-Strain Law
The stress-strain law of the steel reinforcing bars was assumed elasticperfectly plastic (i.e. bilinear). The law is given in Eq. 6.5 and illustrated in Figure
6.3 where fs = steel stress, fy = steel yielding stress, εs = steel strain, εy = steel strain at
yielding, Es = Young’s modulus of steel reinforcement, and εsu = ultimate steel strain.
The steel Young’s modulus, Es, was assumed as 200 GPa. The yield strength of the 6
mm steel bars was taken as 294 MPa, while the yield strength of the 8 mm and 20

142

mm steel bars was taken as 520 MPa. A perfect bond was assumed between the steel
bars and the concrete. The stress-strain response of the steel plates at the support and
loading locations was assumed linear-elastic.

 ε s Es ,  s   y

fs  
f ,    
y
s
su
 y

Eq. 6.5

Figure 6.3: Bilinear stress-strain law of steel reinforcement
6.2.3 Textile and Epoxy Stress-Strain Law
The stress-strain law of the textile reinforcement and also the epoxy adhesive
was assumed as linear elastic as given in Eq. 6.6 and shown in Figure 6.4 where f =
stress, ε = strain, εu = ultimate strain, E = Young’s modulus, and fu = ultimate stress.
Mechanical properties of the textile reinforcement and the epoxy adhesive presented
in Chapter 4 were used as input data in the analysis. Perfect bond was assumed
between the textile and the mortar/epoxy, and also between the mortar/epoxy and the
concrete. This was based on experimental observations, where none of the specimens
failed by debonding.
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f = εE ≤ f𝑢

Eq. 6.6

f
fu

E

ɛu

ɛ

Figure 6.4: Stress-strain law of textile and epoxy
6.3 Element Types
6.3.1 3D Solid Element
The concrete beams, mortar, epoxy, load and support plates were modeled
using standard 3D solid elements with 8 nodes. A global element size of 30 mm was
used. To arrive at the selected global element size, a mesh sensitivity study was
carried out comparing mesh sizes of 25 mm and 30 mm. Using the 25 mm mesh size
gave rise to a much longer computational time, but had no significant effect on the
numerical results, and thus, the 30 mm mesh size was adopted. Figure 6.5 shows the
FE mesh for strengthened and unstrengthened beams.
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(a) Unstrengthened beam

Detail A

Detail A
(b) Strengthened beam
Figure 6.5: Finite element mesh
6.3.2 3D Truss Element
The steel reinforcement bars were modeled using 3D truss elements. A
perfect connection was assumed between the steel bars and concrete. The carbon
textile in the strengthened specimens was modeled in the same way as the steel bars
using 3D truss elements. Figure 6.6 shows the positions of the steel reinforcement
bars in the FE models, while Figure 6.7 shows the embedded carbon textile in the FE
model.
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(a) Group [A]

(b) Group [B]

(c) Group [C]
Figure 6.6: Positions of steel reinforcement bars in FE models

Figure 6.7: Carbon textile in FE model
6.4 Loading and Boundary Conditions
Figure 6.8 shows a typical FE model with the applied prescribed deformation
and boundary conditions. The boundary conditions for the supports were such that
restraints were applied in the transverse and vertical directions (y and z directions
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respectively) for the support plate located close to the test region. For the support
plate outside the test region, restraints were applied in the longitudinal, transverse
and vertical directions (x, y and z directions respectively). These restraints were
applied as line supports on middle of the bottom surface of the support plate.
Loading was induced under a displacement-controlled loading method.
Prescribed displacements were applied at a node located at the middle of the top
surface of the load plate, at an increment of 0.1 mm. The standard Newton-Raphson
iterative solution method given in ATENA 3D was adopted for analysis of all
models.

(a) loading with prescribed displacement

(b) support plate at test area
(fixed in the y and z directions)

(c) support plate outside test area
(fixed in x, y, and z directions)

Figure 6.8: Loading and boundary conditions of FE models

147

6.5 Monitoring Points
The load was monitored at the midpoint of top surface of the load plate where
prescribed displacements were induced. Another monitor point was positioned on the
bottom surface of the concrete directly below the load plate to measure the
corresponding beam deflection. The strains in the tensile steel reinforcing bars were
monitored by means of monitoring points positioned under the load point and in the
middle of the shear span. The strains in the compressive steel under the load point
were also monitored by means of a monitor point. Strain monitoring points were also
positioned in the middle of each stirrup in the test region. In order to measure the
strains in the textile, strain monitor points were positioned in the middle of textile
rovings in the locations of the clip gauges used to measure the TRM/TRP strain in
the strengthened specimens as described in Chapter 4.
6.6 Verification of FE Modeling
6.6.1 Load Capacity
The ultimate loads predicted numerically and recorded experimentally are
compared in Table 6.3. The numerical and experimental results were generally in
good agreement. The ratio of predicted-to-measured ultimate load of the controlunstrengthened specimens were on average 1.09 with a standard deviation of 0.09
and a coefficient of variation of 8.5%.
For the strengthened specimens, predictions of the detailed FE approach were
comparable to those of the simplified FE approach, yet, closer to the experimental
values, except for specimen S0-TRM-1. The ratios of predicted-to-measured ultimate
load for the detailed and simplified FE approaches were on average 0.94 and 0.92
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with standard deviations of 0.08 and 0.1 and coefficients of variation of 8.5% and
11%, respectively.
The simplified FE approach could not capture the effect of varying the matrix
type from mortar to epoxy on the shear strength because of the absence of the matrix
in the simplified modeling. In contrast, predictions of the detailed FE approach
demonstrated that the use of epoxy as a matrix rather than a mortar was slightly more
effective in improving the shear strength of the strengthened specimens which was in
agreement with the experimental findings. Results of the detailed FE approach
indicated that shear strengths of the specimens strengthened with TRP were
approximately 7% higher than those of their counterparts strengthened with TRM.
Experimental results indicated that shear strengths of the former specimens were
approximately 5% higher than those of the latter. The agreement between the
numerical and experimental findings confirmed the accuracy and validity of the
detailed FE approach.
Shear strengths of the specimens strengthened with one layer of TRM or TRP
predicted by the simplified FE approach were lower than those of the detailed
approach. This can be attributed to the absence of matrix in the simplified FE
approach. Nevertheless, for the specimens strengthened with two layers of TRM,
predictions of the simplified FE approach was approximately 4% higher than those
of the detailed FE approach. This occurred because in the detailed approach, the
fabric grid, embedded into the matrix, was located away from concrete surface
whereas in the simplified approach, the fabric grid was bonded directly to concrete
surface.
Effective transfer of load through the matrix governs the contribution of the
fabric to the shear resistance. Placing the fabric grid directly on concrete surface in
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the simplified FE approach results in a greater contribution of fabric to the beam’s
shear resistance. In contrast, the absence of matrix reduces the contribution of the
strengthening system to the shear resistance. These two competing mechanisms
governed the shear resistance obtained numerically for the strengthened specimens. It
seems that for the specimens with the higher number of two TRM layers, modeling
the fabric grid as discrete reinforcement placed directly on concrete surface in the
simplified FE approach, overestimated its contribution to the shear resistance
compared with that obtained by the detailed FE approach. Increasing the number of
TRM layers in the detailed FE approach may have also resulted in multiple shear
cracks in the mortar thus impairing the load transfer between the matrix and the
fabric.
It can be concluded that the detailed FE approach tended to provide more
accurate predictions for the shear strength of the strengthened specimens than that of
the simplified FE approach.
Table 6.3: Comparison between numerical and experimental ultimate loads
Experimental
Group

[A]

[B]

[C]

Specimen
S0-NS
S0-TRM-1
S0-TRM-2
S0-TRP-1
S1-NS
S1-TRM-1
S1-TRM-2
S1-TRP-1
S2-NS
S2-TRM-1
S2-TRM-2
S2-TRP-1

Pexp
(kN)
80.4
169.1
196.7
184.1
143.5
234.7
239.6
239.8
177.7
267.9
275.8
281.4

Detailed FE Approach
𝑃𝐹𝐸,𝑑
PFE,d
(
)
(kN)
𝑃𝑒𝑥𝑝
95.5
1.19
177.1
1.05
199.7
1.02
185.2
1.01
153.1
1.07
207.0
0.88
231.7
0.97
224.6
0.94
180.1
1.01
220.9
0.82
243.6
0.88
241.3
0.86

Simplified FE Approach
𝑃𝐹𝐸,𝑠
PFE,s
(
)
(kN)
𝑃𝑒𝑥𝑝
173.5
1.03
210.0
1.07
173.5
0.94
204.0
0.87
242.5
1.01
204.0
0.85
217.0
0.81
249.0
0.90
217.0
0.77
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6.6.2 Deflection Response
The deflection responses of groups [A], [B], and [C], predicted by the
detailed numerical models are compared to those obtained from the experiments in
Figure 6.9, Figure 6.10, and Figure 6.11, respectively. Modeling using the simplified
approach did not result in any significant difference in stiffness when compared to
the detailed approach, and thus, the deflection responses of the simplified numerical
models are not included. The deflection responses predicted by the numerical models
experienced an almost linear deflection response up to the peak load. After reaching
their peak loads, the numerical deflection responses exhibited a sudden drop in load.
The numerical responses of the control specimens exhibited higher stiffness and
energy absorption than those of the strengthened specimens. Numerical models with
two layers of TRM (TRM-2) experienced a slightly higher stiffness and greater
energy absorption than that of specimens with one layer of TRM (TRM-1). The
TRP-strengthened specimens also exhibited a slightly higher stiffness and greater
energy absorption than their counterparts with one layer of TRM (TRM-1).
The numerical models had a stiffer deflection response than those obtained
from the experiments. This difference may be considered as not critical when taking
into account the generally small deflection values measured from the experimental
study (measured deflections at peak loads were in the range of 5 mm to 16 mm).
Therefore taking the differences in deflection as a measure of the accuracy of the
numerical models can be misleading in this case.
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Figure 6.9: Numerical versus experimental deflection responses for specimens of
group [A]

Figure 6.10: Numerical versus experimental deflection responses for specimens of
group [B]
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Figure 6.11: Numerical versus experimental deflection responses for specimens of
group [C]

6.6.3 Stirrup Strain Response
The stirrup strain responses of groups [B] and [C] predicted by the detailed
numerical models are compared to those obtained from the experiments in Figure
6.12 and Figure 6.13, respectively. The strains measured by strain gauge ST2 and
strain gauge ST4 are depicted for specimens of groups [B] and group [C],
respectively, as shown in the plot legends. For the experimental response of
specimen S1-TRP-1, the average strain measured by strain gauges ST1 and ST3 was
used because ST2 malfunctioned during fabrication of the specimen. The numerical
and experimental stirrup strain responses were generally in good agreement. The rate
of increase of the stirrup strain in the post-cracking stage of the strengthened
specimens, predicted numerically, was lower than that of the control specimens,
which was in agreement with the experimental findings. The numerical stirrup strain
response indicated that the rate of increase of the stirrup strain further reduced by
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increasing the number of TRM layers, which was in agreement with the experimental
results.

Figure 6.12: Numerical versus experimental stirrup strain responses for specimens of
group [B]

Figure 6.13: Numerical versus experimental stirrup strain responses for specimens of
group [C]
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6.6.4 TRM/TRP Strain Response
Figure 6.14, Figure 6.15, and Figure 6.16 compare the experimental and
numerical TRM/TRP strain responses for specimens of groups [A], [B], and [C],
respectively. The figures show plots of strains measured by clip gauges VG2 and
VG3 in each specimen. No strains were recorded by the clip gauge VG1 because of
the absence of cracks crossing the region of this clip gauge. The TRM/TRP strain
responses predicted numerically were in close agreement with those obtained from
the experiments. The numerical strains at the location of the clip gauge VG3 were
almost negligible. The TRM/TRP strains predicted numerically in the middle of the
shear span (at the location of clip gauge VG2) for all specimens were higher than
those of VG3 closer to the load point. This was in agreement with experimental
results of specimens of groups [B] and [C], and less evident in the experimental
results of specimens of group [A].
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(a) S0-TRM-1

(b) S0-TRM-2

(c) S0-TRP-1
Figure 6.14: Numerical versus experimental TRM/TRP strain responses for
specimens of group [A]
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S1-TRM-1

S1-TRM-2

S1-TRP-1
Figure 6.15: Numerical versus experimental TRM/TRP strain responses for
specimens of group [B]
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S2-TRM-1

S2-TRM-2

S2-TRP-1
Figure 6.16: Numerical versus experimental TRM/TRP strain responses for
specimens of group [C]
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6.6.5 Flexural Steel Strain Response
Figure 6.17, Figure 6.18 and Figure 6.19 compare the experimental and
numerical flexural steel strain responses for specimens of groups [A], [B], and [C]
respectively. A similar trend of flexural steel strain response was observed for all the
numerical models. The strains in the tensile and compressive steel bars increased
linearly until cracking occurred, at which point a slight change in slope occurred. The
strains in the tensile steel at the location directly below the load point were higher
than the strains at the middle of the shear span, which was in agreement with the
experimental results.
Due to the greater stiffness of the numerical models, the strains in both the
compressive and tensile steel were generally lower than those obtained from the
experiments. The exceptions to this were the strains in the compressive steel bars in
specimens S0-TRM-1, S0-TRM-2, S1-TRP-1, S2-TRM-1, and S2-TRM-2, where the
numerical strain response almost coincided with the corresponding experimental
strain response.
The flexural steel strains predicted numerically in all specimens were well
below the yielding strain, confirming a pure shear mode of failure similar to that
observed during experimental testing.
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Specimen S0-NS

Specimen S0-TRM-1

Specimen S0-TRM-2

Specimen S0-TRP-1

Figure 6.17: Numerical versus experimental flexural steel strain responses for
specimens of group [A]
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Specimen S1-NS

Specimen S1-TRM-1

Specimen S1-TRM-2

Specimen S1-TRP-1

Figure 6.18: Numerical versus experimental flexural steel strain responses for
specimens of group [B]
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Specimen S2-NS

Specimen S2-TRM-1

Specimen S2-TRM-2

Specimen S2-TRP-1

Figure 6.19: Numerical versus experimental flexural steel strain responses for
specimens of group [C]
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6.6.6 Crack Pattern
The crack patterns predicted numerically are compared to those obtained
from the experiments in Figure 6.20 to Figure 6.31. It can be clearly seen from the
figures that the shear cracks on the beam surface of the numerical models adequately
matched those obtained from the experimental tests. A single path of cracking was
noted on the numerical model of specimen S0-NS, indicating a single shear crack for
RC beams with no stirrups. This observation was consistent with the experimental
findings. Models of all other specimens having shear reinforcement in the form of
internal stirrups, and/or TRM/TRP reinforcement, exhibited multiple shear cracks
within the shear span, which was in close agreement with the experimental findings.
It is interesting to note that the concrete side cover separation which occurred
at the peak load in the experimental test of the strengthened specimens was captured
by some of the numerical models. This is shown as cracks on the top or bottom
surface of the numerical models of the strengthened specimens.
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Figure 6.20: Numerical versus experimental crack patterns for specimen S0-NS

Figure 6.21: Numerical versus experimental crack patterns for specimen S0-TRM-1

Figure 6.22: Numerical versus experimental crack patterns for specimen S0-TRM-2
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Figure 6.23: Numerical versus experimental crack patterns for specimen S0-TRP-1

Figure 6.24: Numerical versus experimental crack patterns for specimen S1-NS

Figure 6.25: Numerical versus experimental crack patterns for specimen S1-TRM-1
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Figure 6.26: Numerical versus experimental crack patterns for specimen S1-TRM-2

Figure 6.27: Numerical versus experimental crack patterns for specimen S1-TRP-1

Figure 6.28: Numerical versus experimental crack patterns for specimen S2-NS
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Figure 6.29: Numerical versus experimental crack patterns for specimen S2-TRM-1

Figure 6.30: Numerical versus experimental crack patterns for specimen S2-TRM-2

Figure 6.31: Numerical versus experimental crack patterns for specimen S2-TRP-1
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Chapter 7: Conclusions
7.1 Introduction
The shear response of RC beams strengthened in shear with TRM has been
investigated in this thesis. The work comprised experimental testing and FE
modelling. Prior to conducting the large-scale beam tests on shear strengthening of
RC beams, double-shear bond testing was undertaken to investigate the bond
characteristics between concrete and TRM using double-shear tests. Main
conclusions of the work along with recommendations for future studies in the field
are presented in this chapter.
It is important to note that the results derived in this study are only applicable
to the fabric and matrices/adhesives used and should not be extrapolated to other
strengthening systems. Findings of the present study are limited to specimens with
the concrete dimensions, steel reinforcement ratios, and material properties given in
Chapters 3 and 4. A variation in the size of the specimens, amount and/or distribution
of steel/TRM reinforcement, properties of materials, and loading conditions would
change the structural response before and after strengthening. The FE models
developed and verified in the present study can, however, be used as a numerical
platform for prediction of the nonlinear structural response of RC beams
strengthened in shear with TRM.
7.2 Conclusions
7.2.1 Conclusions of Double-Shear Bond Testing
The double-shear bond testing comprised a total of 27 double-shear
specimens. Test variables included the type of matrix and width/length of the bonded
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area. Two types of cementitious mortars (TRM1 and TRM2) and one type of epoxy
were used in the tests. Based on results of the double-shear bond tests, the following
conclusions are drawn.


The TRM bond stress at failure was governed by the fabric delamination
from the matrix. None of the TRM specimens failed at the concrete/matrix
interface. The TRP systems, having epoxy as a matrix, failed at their free
length or at the anchored end by fabric rupture. The TRM experienced
cracking prior to failure whereas the TRP specimens failed suddenly without
cracking.



The TRP specimens, having epoxy as a matrix, exhibited a steeper surface
strain profile and higher surface strains at the loaded end than those exhibited
by the corresponding TRM specimens, indicating better bonding condition at
the fabric-matrix interface and greater contribution to the load resistance. The
surface strain values recorded for the TRM1 specimens at the loaded end
were relatively higher than those of the TRM2 specimens.



The TRM specimens tended to show a bi-linear bond stress-strain
relationship. The TRP specimens showed a linear relationship at all stages of
loading until failure occurred.



The TRM systems showed comparable bond stresses at failure with average
values of 0.97 MPa and 0.89 MPa for the TRM1 and TRM2 specimens,
respectively, compared to 1.30 MPa for the TRP specimens (i.e. the bond
stress at failure of the TRM specimens was on average 28% lower than that
of the TRP specimens).
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For the same width of the bonded area, the bond stress at failure typically
decreased with an increase in the bonded length of the fabric. Similarly, for
the same bonded area, the bond stress tended to decrease by increasing the
bonded length of the fabric. This trend was more pronounced for the TRP
specimens than for the TRM specimens.

7.2.2 Conclusions of Large-Scale Beam Testing
A total of 12 tests conducted on RC beam specimens were included in the
large-scale beam tests. The beam had a cross section of 150 mm x 300 mm and a
shear span to-effective depth ratio of a/d = 3. Variables of the large-scale beam tests
included the number of TRM layers (one or two layers), type of matrix (cementitious
mortar and epoxy), and amount of internal stirrups (no stirrups, stirrups with a
spacing of 0.6d, stirrups with a spacing of 0.3d), where d = depth of the tensile steel
measured from extreme compression fiber. Based on the results of beam tests, the
following conclusions are drawn:


The unstrengthened specimens, except that with the smaller stirrup spacing of
0.3d, failed in a classical diagonal-tension mode of failure. The specimen
with a stirrup spacing of 0.3d failed in a shear-compression mode of failure.
All of the strengthened specimens failed by concrete side cover separation of
the specimen’s lateral faces. Such a premature mode of failure impaired the
effect of increasing the amount of TRM layers or varying the matrix type on
the shear strength gain for the specimens with internal steel stirrups.



Shear strengthening with TRM/TRP limited growth of cracks, reduced the
rate of increase of stirrup strain, delayed yielding of stirrup, and hence
increased the beam’s shear capacity. The effective surface TRM strain (i.e.
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maximum transverse strain measured on the surface of the TRM prior to
failure) tended to decrease with an increase in the number of TRM layers or
in the amount of internal steel stirrups.


The TRM/TRP shear strengthening system was very effective in improving
the shear response and increasing the shear capacity of RC beams. The shear
strength gain was in the range of 110% to 145% for the specimens without
stirrups, 64% to 67% for the specimens with the greater stirrup spacing of
0.6d, and 51% to 58% for the specimens with the lower stirrup spacing of
0.3d.



The shear strength gain decreased with an increase in the amount of internal
stirrups. The shear strength gains of the specimens with the greater stirrup
spacing of 0.6d strengthened with one layer of TRM, two layers of TRM, and
one layer of TRP, were 42%, 54%, and 48% lower than those of their
counterparts that did not include internal stirrups, respectively. Decreasing
the stirrup spacing from 0.6d to 0.3d further decreased the shear strength gain
by 18% to 20% for the specimens strengthened with TRM and 13% for the
specimen strengthened with TRP.



Increasing the number of TRM layers increased the shear capacity but the
additional shear strength gain was not proportional to the added amount of
TRM. The effect of increasing the amount of TRM layers on the shear
strength gain was less pronounced for the specimens with internal steel
stirrups. Doubling the number of TRM layers increased the shear strength
gain by approximately 32% in the absence of internal stirrups whereas it
resulted in an average additional shear strength gain of 6% for the specimens
having internal steel stirrups.
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The use of epoxy adhesive as a matrix rather than a cementitious mortar
increased the shear strength gain by approximately 17% for the specimens
with no stirrups. The effect of varying the matrix type from mortar to epoxy
was less pronounced for the specimens with internal stirrups where only an
average 9% strength gain was recorded.

7.2.3 Conclusions of FE Modelling
Twelve three-dimensional (3D) models were developed representing all of
the tested beam specimens using the FE program ATENA®. The FE models
incorporated realistic material constitutive laws that accounted for the nonlinear
behavior of materials. The strengthened specimens were modeled using two
approaches; namely detailed and simplified. The detailed approach involved
modeling the TRM/TRP strengthening layers with a binder (mortar or epoxy) and
textile, as in the experimental tests. The simplified approach involved modeling the
strengthened specimens with the carbon textile as discrete reinforcement bonded
directly on the beam surface without a binder. Main conclusions of the FE modeling
are summarized below:


The numerical and experimental results were generally in good agreement.
The ratio of predicted-to-measured ultimate load of the controlunstrengthened specimens were on average 1.09 with a standard deviation of
0.09 and a coefficient of variation of 8.5%.



For the strengthened specimens, predictions of the detailed FE approach were
comparable to those of the simplified FE approach, yet, closer to the
experimental values, except for the specimen that was strengthened with one
layer of TRM and did not include stirrups (S0-TRM-1). The ratios of
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predicted-to-measured ultimate load for the detailed and simplified FE
approaches were on average 0.94 and 0.92 with standard deviations of 0.08
and 0.1 and coefficients of variation of 8.5% and 11%, respectively.


For the specimens with the greater amount of TRM (two layers), modeling
the fabric grid as discrete reinforcement placed directly on concrete surface in
the simplified FE approach overestimated its contribution to the shear
resistance compared with that obtained by the detailed FE approach.



The detailed FE approach tended to provide more accurate predictions for the
shear strength of the strengthened specimens than that of the simplified FE
approach. Predictions of the detailed FE approach demonstrated that the use
of epoxy as a matrix rather than a mortar was slightly more effective in
improving the shear strength of the strengthened specimens which was in
agreement with the experimental findings. In contrast, the simplified FE
approach could not capture the effect of varying the matrix type from mortar
to epoxy on the shear strength because of the absence of the matrix in the
simplified modeling.



Results of the detailed FE approach indicated that shear strengths of the
specimens strengthened with TRP were approximately 7% higher than those
of their counterparts strengthened with TRM. Experimental results indicated
that shear strengths of the former specimens were approximately 5% higher
than those of the latter. The agreement between the numerical and
experimental findings confirmed the accuracy and validity of the detailed FE
approach.
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7.3 Recommendations for Future Studies
The present study provided insight into the bond characteristics between
concrete and TRM.

It also provided evidences on the response of RC beams

strengthened in shear with TRM through an experimental testing and FE modeling.
The following are recommendations for future studies in the field of shear
strengthening of RC structures with TRM.


Develop FE models for the specimens of the double-shear tests. Results of
these FE models along with those of the corresponding experimental data can
be used to develop a bond stress-slip model of the TRM system used in the
present study.



Perform a parametric study using the developed FE models to investigate the
effect of a wider range of variables on the shear response of RC beams
strengthened with TRM.



Study the viability of using TRM in improving the structural response of predamaged or corrosion-damaged RC beams.



Investigate the durability performance of RC beams strengthened with TRM
under harsh environment conditions.
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Appendix : TRM/TRP Strain Response of Tested Beams

This appendix shows plots of TRM/TRP strain response of specimens of the
experimental specimens. The figures depict the TRM/TRP strains recorded at the
middle of the shear span and close to the load point by clip gauges VG2 and VG3
respectively. Clip gauge VG2 in specimen S1-TRP-1 did not record any strains.

Figure A.1: TRM strain response of specimen S0-TRM-1

Figure A.2: TRM strain response of specimen S0-TRM-2
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Figure A.3: TRP strain response of specimen S0-TRP-1

Figure A.4: TRM strain response of specimen S1-TRM-1
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Figure A.5: TRM strain response of specimen S1-TRM-2

Figure A.6: TRP strain response of specimen S1-TRP-1
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Figure A.7: TRM strain response of specimen S2-TRM-1

Figure A.8: TRM strain response of specimen S2-TRM-2
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Figure A.9: TRM strain response of specimen S2-TRP-1

